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ABSTRACT
Understanding the behaviors of technetium (Tc) during sorption to and desorption from
soils amended with titanomagnetite nanoparticles and in redox transition zones is critical for
understanding risks from technetium-99 (99Tc) releases into the environment. In this work,
experiments were performed under variable redox conditions to evaluate the sorption and
desorption behavior of 99Tc in the presence of soil from the Savannah River Site (SRS) and
varying concentrations (0.01, 0.1, 1, 10 wt%) of titanomagnetite (Fe3-xTixO4) nanoparticles.
Kinetic batch experiments were conducted to investigate how reducing and variable redox
conditions and titanomagnetite nanoparticles affect the reduction (sorption) and re-oxidation
(desorption) kinetics. There was minimal sorption under oxidizing conditions. Under reducing
conditions, there was minimal (<10% sorbed) sorption to solids over 21 days in all percent
titanomagnetite systems, except in the 10 wt% titanomagnetite reactors, where there was 50%
sorption at 6 hours and 100% sorption at 24 hours. This suggests that reduction of Tc is facilitated
by the titanomagnetite nanoparticles above a certain concentration threshold between 1 and 10
wt%. Re-oxidation and desorption of 99Tc occurred relatively rapidly, on the order of hours to
days, and the amount of titanomagnetite in the system appeared to have no noticeable effect on
the rate of re-oxidation. These findings have important environmental implications about Tc
mobility in the environment. It would take Tc weeks to reduce in the subsurface even under
reducing conditions, unless there were efficient electron donors, such as titanomagnetite, present
in the system. However, it would take relatively short periods of oxidizing conditions for Tc to reoxidize and become mobile.
Experiments were performed under variable redox conditions to evaluate the transport
behavior of 99Tc and 99mTc in the presence of soil from the Savannah River Site (SRS) and 1 wt%
and 10 wt% titanomagnetite layers. The titanomagnetite was selected for its 99Tc reducing
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capacity and layer concentrations were selected based on previous batch kinetic work. The
experiment was conducted to investigate how redox transitions (reducing to oxidizing conditions)
and three concentrations of titanomagnetite nanoparticles (0%, 1%, and 10%) mixed with SRS
soil affect the overall mobility of 99Tc and 99mTc as it transitions between mobile Tc(VII) and
immobile Tc(IV). A 1D gamma-ray scanner was used to measure 99mTc activity nondestructively
within the column and an X-ray computed tomography (CT) imaging system was used to monitor
physical processes of NaI transport in situ. These two novel measuring techniques, in addition to
measuring fractionated effluent, were used to evaluate the chemical and physical processes of
99

Tc and 99mTc transport through the porous media. Tc appeared to behave non-conservatively and

became partially and immediately reduced within the column. 1D gamma-ray scanning results
revealed 99mTc immobilization in the 1 and 10 wt% titanomagnetite layers, with increased activity
in those layers. After switching the system to oxidizing conditions and many displaced pore
volumes over the course of weeks, the sorbed 99Tc eventually desorbed and was released from the
column, suggesting that the mechanism for 99Tc immobilization was sorption and not
incorporation into the crystal structure.
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CHAPTER 1. REVIEW OF TECHNETIUM
BIOGEOCHEMICAL BEHAVIOR
Abstract
Technetium-99 (99Tc), with a half-life of 2.1 x 105 years, is a highly redox-sensitive
element, with solubility and mobility strongly dependent on oxidation state. Under oxidizing
conditions, 99Tc is predominant at TcO4- in the VII oxidation state. Under reducing conditions,
99

Tc is thermodynamically favored as TcO2 in the IV oxidation state. Technetium has been

introduced into the environment mainly by nuclear weapons testing, operations of nuclear fuel
cycle facilities, and low-level radioactive waste releases. It is estimated that, as of 2000, a total of
at least 2,000 terabecquerels (TBq) of Tc had been released into the global environment from
weapons testing and production and power production. 99Tc, with a long half-life, environmental
mobility, and quantities, is an environmental risk driver for radionuclide cleanup. In this work, we
provide an overview of Technetium background and biogeochemical behavior.

1

1.1 Introduction
The geochemical and transport behavior of radionuclide waste from weapons and power
production is fundamental to determining risks and developing cleanup strategies at legacy sites.
Technetium (Tc) and other long-lived radioisotopes cause significant concern when stored or
released due to their long half-lives, environmental mobility, and quantities, thus making Tc a
significant risk-driver for radionuclide cleanup and of particular interest (Wildung et al. 1979;
Schulte and Scoppa 1987; Icenhower et al. 2010; Montgomery et al. 2017). Understanding how
radioisotopes, including technetium, behave in the subsurface environment is fundamental to
developing effective remediation efforts and to creating safe, effective, and robust storage
solutions for long-lived radioisotopes.
Fission of uranium-235 and plutonium-239 yield several isotopes of Tc. Of these, 99Tc, a
beta-emitter with an energy of 294 kiloelectron volts (keV), has the highest yield (6.03%) and
longest half-life (2.1 x 105 years) (Wildung et al. 1979; Schulte and Scoppa 1987; Gu et al. 1996;
Liang et al. 1996; Chen et al. 2000; Ashworth and Shaw 2005; Garcia-Leon 2005; Icenhower et
al. 2010). The environmental mobility of Tc is strongly influenced by redox chemistry. In
oxidizing environments, such as at the surface of the earth, Tc is mobile and present as
pertechnetate (TcO4-) in its VII oxidation state (Wildung et al. 1979; Schulte and Scoppa 1987;
Icenhower et al. 2010; O’Loughlin et al. 2011). In reducing environments, such as in reducing
zones in the subsurface, Tc is immobile and present as TcO2 in its IV oxidation state (Wildung et
al. 1979; Schulte and Scoppa 1987; Icenhower et al. 2010; O’Loughlin et al. 2011).
Technetium-99m (99mTc) is a meta-stable form of 99Tc, with a half-life of 6 hours and is a
gamma-emitting isotope with a gamma-ray energy of 140 keV, and is often used as radiotracer
for medical imaging (Vandehey et al. 2012). The use of 99mTc as a chemical analogue of 99Tc in
environmental applications is increasing, especially with gamma-ray detection and imaging
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applications, to monitor the behavior and transport of Tc in porous media, including real soils
(Vandehey et al. 2012, 2013; Alexander 2016; Dogan et al. 2017).
Technetium is introduced to the environment mainly by nuclear weapons testing,
operations of nuclear fuel cycle facilities, and releases of low-level radioactive wastes, with
smaller quantities coming from natural sources (Wildung et al. 1979; Schulte and Scoppa 1987;
Icenhower et al. 2010). It is difficult to calculate exactly how much Tc has been released into the
environment, as it is highly mobile and values from nuclear weapons production are not widely
publicized (Wildung et al. 1979; Icenhower et al. 2010). However, there are estimated quantities
in the literature (Schulte and Scoppa 1987; Garcia-Leon 2005; Icenhower et al. 2010). GarciaLeon (2005) estimated that, as of 2000, a total of at least 2,000 terabecquerels (TBq) of Tc had
been released into the global environment from all possible sources (i.e. weapons testing and
production and power production) (Garcia-Leon 2005). Icenhower et al. (2010) estimated that
about 100-140 TBq of 99Tc was released into the environment during nuclear weapons testing
and, as of 2010, an additional 1,000 TBq (1 petabecquerel (PBq)) of 99Tc has been released into
the environment from reprocessing of spent nuclear fuel (Schulte and Scoppa 1987; Icenhower et
al. 2010). For context, 1 TBq is equal to 1E12 becquerels (Bq) and 1 PBq is equal to 1E15 Bq,
where 1 decay per second equals 1 Bq. The Maximum Contaminant Level for Tc in drinking
water, as defined by the U.S. Environmental Protection Agency, is 0.0333 Bq per milliliter (900
picocuries per liter), though not all the Tc produced gets into the drinking water (EPA 2002).
Thus, the amount of Tc released into the environment from nuclear weapons testing and spent
nuclear fuel should be addressed.
Most radioactive waste produced from weapons and power production in the U.S. is still
awaiting final deposition (Schulte and Scoppa 1987; Icenhower et al. 2010). For example,
between 1943 and 1987, approximately 1,250 TBq of 99Tc was produced at the Hanford Site in
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Washington, which has yet to be deposited (Schulte and Scoppa 1987; Darab and Smith 1996;
Icenhower et al. 2010). There is currently about 9.657E18 Bq (9.657E6 TBq or 261 million
curies) in about 35 million gallons of radioactive liquid waste, which includes Tc, at the
Savannah River Site in Aiken, SC (Darab and Smith 1996; Icenhower et al. 2010; Savannah
River Remediation 2017).
Determining final storage solutions for Tc will continue to be a concern because the
inventory of Tc waste continues to grow with Tc waste produced from nuclear power generation
(Icenhower et al. 2010). About 13.2 TBq of 99Tc is produced annually from a typical one gigawatt
of electrical output (GWe) reactor (Icenhower et al. 2010). Icenhower et al. (2010) estimate that
78 metric tons (MT) of 99Tc were produced in 1994, with an increase to 305 MT produced in
2010 (Icenhower et al. 2010). Given this almost four-times increase in 99Tc waste production
from 1994 to 2010, it is likely that 99Tc will continue to be a concern in the future (Icenhower et
al. 2010).

1.2 Background
1.2.1 Redox Chemistry
99

Tc is a highly redox-sensitive element, with solubility and mobility strongly dependent

on oxidation state (Icenhower et al. 2010). Under oxidizing conditions, 99Tc is predominately
present as pertechnetate (TcO4-) in the VII oxidation state, which is highly mobile, soluble, and
weakly sorbing (Wildung et al. 1974; Schulte and Scoppa 1987; Kaplan et al. 2008; Icenhower et
al. 2010; O’Loughlin et al. 2011; Montgomery et al. 2017). Under reducing conditions, 99Tc is
thermodynamically favored in a IV oxidation state as TcO2, is typically immobile, sparingly
soluble, and sorbs more readily to solids (Cui and Eriksen 1996a, b; Baston et al. 2002; Kaplan et
al. 2008; Icenhower et al. 2010; Haudin et al. 2011; O’Loughlin et al. 2011; Pearce et al. 2014).
The Tc(VII)-Tc(IV) redox reaction is
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Equation 1

where three electrons are stoichiometrically needed to reduce Tc from the VII to IV oxidation
states (Icenhower et al. 2010). A standard electrode potential (E°) is the measurement of the
potential energy available from a half-cell redox reaction when species are in their standard states
and is used to quantify the conditions under which oxidized and reduced technetium are
thermodynamically stable (Meyer and Arnold 1991; Meyer et al. 1991; Icenhower et al. 2010;
Benjamin 2015a). Meyer and Arnold (1991) experimentally determined the standard potential
(E°) of the TcO4 − TcO2 redox reaction to be 0.747 ± 0.004 volts (V) (Meyer and Arnold 1991;
Icenhower et al. 2010). Redox potential (Eh) is the measurement of the potential for reduction
(transfer of electrons) and is usually measured in volts (V) or millivolts (mV), where a lower Eh
value indicates reducing conditions (Benjamin 2015a). Figure 1 shows an Eh-pH diagram for Tc,
with a shaded region indicating stable species of amorphous solid TcO2·2H2O(am) and a shaded
box with dashed border representing pH and Eh ranges typical of groundwater, as reported in
literature (Lieser and Bauscher 1987; Cantrell et al. 1995; Gu et al. 1996; Liang et al. 1996;
Kaplan and Serne 1998; Mattigod et al. 2001; Icenhower et al. 2010). The boxed region partly
includes a section where the TcO2·2H2O(am) species is stable, indicating that in some natural
groundwaters, conditions could support the reduced species of Tc.
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Figure 1. Eh-pH diagram for technetium. The shaded region indicates the amorphous solid TcO 2·2H2O(am) species as
stable and the shaded box with dashed border represents pH and Eh values typical of groundwaters, as reported in
literature (Lieser and Bauscher 1987; Cantrell et al. 1995; Gu et al. 1996; Liang et al. 1996; Kaplan and Serne 1998;
Mattigod et al. 2001; Kaplan et al. 2008; Icenhower et al. 2010).

1.2.2 Technetium Sorption and Reduction
The distribution coefficient (Kd) relates the concentration of a species associated with
solids to the concentration in the aqueous phase (Icenhower et al. 2010). Sorption under
equilibrium conditions can be described by the distribution coefficient (Kd):

Equation 2

Where Cs = M sorbed M sed and Cinitial is the initial concentration of Tc in the aqueous phase, Cfinal is
the final concentration of Tc in the aqueous phase, Vinitial is the initial volume of solution before
solid is added, and Msed is the mass of sediment added, assuming conditions such that there is no
sorption during initial conditions, such as in a batch reactor (Icenhower et al. 2010).

6

Under oxidizing conditions, Tc is thermodynamically favored as TcO4-, which is highly
soluble and weakly sorbing, with low Kd values, often reported in literature ranging from 0.005 to
2.8 mL/g (Wildung et al. 1974; Schulte and Scoppa 1987; Kaplan et al. 2008; Icenhower et al.
2010; Montgomery et al. 2017). However, under reducing conditions, 99Tc is thermodynamically
favored as TcO2, which is sparingly soluble, immobile, and sorbs more readily to solids, with
reported Kd values ranging from 0.8 to 11.2 mL/g (Cui and Eriksen 1996b, a; Baston et al. 2002;
Kaplan et al. 2008; Icenhower et al. 2010; Haudin et al. 2011; Pearce et al. 2014).
There have also been a number of studies investigating Tc reduction under reducing and
oxidizing conditions and in the presence of various materials. Minerals and materials with ferrous
iron (Fe(II)) content are of particular interest because Fe(II) is considered a possible Tc(VII)
reductant because of its reduction potential and relatively common presence in subsurface
environments (Liu J. et al. 2012). Tc(VII) reduction appears to be strongly facilitated and
enhanced when Fe(II) is sorbed onto or incorporated into minerals (Zachara et al. 2007;
Peretyazhko et al. 2008; Liu J. et al. 2012).
The Fe(II) and Tc(VII) homogeneous redox reaction,

Equation 3

shows that the Tc redox reaction is dependent on pH, Tc(VII) activity, aqueous Fe(II) activity,
and the redox products (Zachara et al. 2007).
Other studies have also shown that pH has an effect on aqueous Tc concentration (Cui
and Eriksen 1996a; Zachara et al. 2007). Cui and Eriksen (1996b) studied the effect of pH on
aqueous Tc concentration in the presence of aqueous Fe(II) under reducing conditions. The
authors found that aqueous Tc concentration dropped sharply from ~2-3 x 107 M to nearly 0.0 M
with the addition of NaOH and subsequent increase in pH from 7 to 9. All reactions occurred
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between 6 and 14 days, which is a similar timescale as results presented in this work. A higher pH
(≥7) appeared to increase the rate of reduction of aqueous Tc. In all cases, the aqueous Fe(II)
alone was an ineffective reductant for Tc on these timescales, as the concentration of aqueous Tc
did not decrease before the addition of NaOH and subsequent increase in pH (Cui and Eriksen
1996a).
Zachara and colleagues (2007) examined the homogeneous Tc(VII) reduction by aqueous
Fe(II) under anoxic conditions and over a range of pH values, from 6 to 8 (Zachara et al. 2007).
The authors have shown that Tc(VII) reduction rate is pH dependent, with reduction that occurred
at pH values greater than 7, unless facilitated by aqueous Fe(II), to be slow. During the
experiment, the aqueous Tc at pH 6 remained constant, at pH 6.8 the measured concentration of
aqueous Tc(VII) decreased from 11 to 0 µmol/L over two days, and at pH 8, the aqueous
concentration of Tc(VII) completely and rapidly reduced to 0 µmol/L within one hour (Zachara et
al. 2007).
Given the reaction in Equation 3, the concentration of Fe(II), an electron donor, should
have a thermodynamic effect on Tc reduction rates by facilitating reduction (Zachara et al. 2007).
In the same study, concentrations of aqueous Fe(II) at pH 6 remained constant at 0.4 mmol/L, at
pH 6.8 concentrations of aqueous Fe(II) decreased from 0.4 to 0.36 mmol/L, and at pH 8
concentrations of aqueous Fe(II) decreased from 0.4 to 0.33 mmol/L (Zachara et al. 2007). The
loss of aqueous Fe(II) corresponded to the loss of aqueous Tc, indicating that Fe(II) in the
aqueous phase can facilitate Tc reduction at higher (≥7) pH values. The authors also found that
the higher the initial aqueous Fe(II) concentration, the faster the aqueous Tc removal from
solution (Zachara et al. 2007). In systems with initial aqueous Fe(II) concentrations of 0.05, 0.2,
and 0.8 mmol/L, the aqueous Tc concentration dropped from 11 to 0 µmol/L, respectively, over
26 days, over 4 days, and over 1 day (Zachara et al. 2007).
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Investigation of oxidative release of Tc in Fe(II)-bearing systems is critical to
understanding Tc behavior in natural environments. Zachara et al. (2007) studied the oxidative
release of Tc in the presence of Fe(II) and oxidation of the solid products (Zachara et al. 2007).
The solid products, produced from the reduction experiments discussed above, were washed to
removed unreacted aqueous Fe(II), resuspended, and saturated with oxygen. During oxidative
release of Tc(VII), about 7% (pH 8) to 10% (pH 6.8) of Tc(VII) oxidized and solubilized over 5
days, with a near-linear release of Tc, from the pH 6.8, 7, and 8 precipitates (Zachara et al. 2007).
However, the release of Tc might simply only appear linear due to the small amount of Tc
released and limited sampling time (5 days) (Zachara et al. 2007).

1.2.3 Titanium-substituted Magnetite Nanoparticles
Liu and colleagues (2012) studied the heterogeneous reduction of Tc(VII) to Tc(IV)bearing solids using titanium-doped magnetite (Fe3-xTixO4), or titanomagnetite (TM),
nanoparticles (Liu J. et al. 2012). These nanoparticles are structurally and chemically analogous
to Fe(II)/Fe(III)-bearing particles that are naturally present at the Hanford nuclear reservation in
Washington state (Liu J. et al. 2012; Pearce et al. 2012, 2014). This material was studied due to
its magnetite, a Fe(II)-bearing mineral, and adjustable Fe(II)/Fe(III) ratio, which can control the
thermodynamic reduction potential. Ti(IV) replaces Fe(III) in the crystal lattice, along with a
reduction of lattice Fe(III) to Fe(II). A more detailed description of the titanium-doped magnetite
nanoparticles is given in Pearce et al. (2012, 2014) and Liu et al. (2012) (Liu J. et al. 2012; Pearce
et al. 2012, 2014).
Liu et al. (2012) monitored the kinetics of aqueous Tc reduction in the presence of these
titanomagnetite nanoparticles (with varying x values in Fe3-xTixO4) via batch reactions at pH 8
and under reducing conditions (Liu J. et al. 2012). Results showed that when x = 0, aqueous
Tc(VII) reduced by 30%, but when x > 0, 72-100%, depending on the value of x, of the aqueous
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Tc was removed from solutions, presumably due to Tc(VII) reduction to Tc(IV) (Liu J. et al.
2012).

1.2.4 Technetium Transport and Diffusion
Corkhill and colleagues (2013) demonstrated the ability to quantitatively image 99mTc
transport through quartz sand and engineered backfill cement in a 2D tank system using gamma
camera imaging (Corkhill et al. 2013). 99mTc was spiked into a 2D tank with saturated porous
media and activity was monitored at the midpoint of the tank using a gamma camera and
collimator with a 6 mm spatial resolution. The authors modeled the data with a 1D convectiondispersion equation and calculated Kd values using three methods by assuming the surface
reactions occurred rapidly enough that equilibrium conditions occurred in the system. The authors
concluded that the transport of 99mTc through the sand was conservative, with retardation values
ranging from 1 to 1.2 and Kd values ranging from 0.13 to 1.19 m3/kg. 99mTc transport through the
engineered backfill cement was also conservative, with R values ranging from 1.05 to 1.08 and
Kd values ranging from 1.27 to 6.90 m3/kg. These findings support what is known about Tc
sorption and transport behavior under oxidizing conditions, in that sorption is minimal and
transport is near conservative (Kaplan and Serne 1998; Kaplan et al. 2008; Icenhower et al. 2010;
Corkhill et al. 2013; Dogan et al. 2017; Montgomery et al. 2017).
Liu et al. (2015a) studied Tc reduction and retardation via diffusion experiments in
columns under reducing conditions (Liu Y. et al. 2015a). The intact soil cores, from three
different sediments, were saturated with Hanford synthetic groundwater, placed in tanks
containing 10 µM TcO4- and 33 mg/L Br- in synthetic groundwater. The TcO4- and Br- were
allowed to diffuse into the soil columns over time. Tc(VII) diffusion profiles were averaged
concentration profiles as a function of distance from the bulk solution toward the center of the
column. The Tc diffusion profiles were steeper and lagged in center of mass (i.e. Tc curves were
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behind Br- curves) than the conservative tracer Br- profiles, indicating Tc(VII) diffusion was
retarded in all three sediments. In the sediments with faster reaction rates (obtained via batch
reactors), there was stronger retardation. Bulk solution Tc(VII) concentrations decreased faster
for the sediment with a faster Tc reduction rate (sediment A). The reductive diffusion model,
developed using reaction rates from batch reactors, overpredicted Tc(VII) concentrations in the
bulk and pore solutions, indicating that the rate of Tc(VII) reduction in the columns was faster
than what was estimated from the batch reactors. After re-fitting the data, larger rate constants
supported this finding, meaning that Tc reduction reaction occurred at a faster rate in the diffusion
columns than in batch reactors (Liu Y. et al. 2015a).

1.3 Knowledge Gaps
The behavior and kinetics of Tc reduction under reducing conditions in the presence of
solid Fe-bearing material and soil is still not fully understood. Liu et al (2012) and Pearce et al.
(2012, 2014) studied Tc reduction in the presence of titanomagnetite materials, but how Tc
behaves in the presence of this material in combination with soil has not been fully explored.
Additionally, the kinetics of Tc re-oxidation are still not fully understood, yet it is
important to understand Tc behavior if conditions were to switch from reducing to oxidizing,
such as might be produced from a drop in the water table (Zachara et al. 2007; Icenhower et al.
2010). Zachara et al. (2007) did examine oxidative release of Tc in the presence of Fe(II),
however, the study was limited to 5 days of release (Zachara et al. 2007). There is a gap in
knowledge when it comes to understanding the kinetics of oxidative Tc release over a longer
period of time and in the presence of soil.
The behavior of Tc reduction and re-oxidation in a flowing transport system is still yet to
be fully understood. There have been studies that examined Tc transport under oxidizing
conditions and established the use of 99mTc and gamma camera imaging in 2D tank systems
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(Corkhill et al. 2013). There have also been studies that investigated Tc reduction under reducing
conditions in batch reactors (Cui and Eriksen 1996a; Zachara et al. 2007; Icenhower et al. 2010;
Liu J. et al. 2012; Pearce et al. 2012, 2014) and diffusion systems (Liu Y. et al. 2015a). However,
the investigation into Tc reduction and re-oxidation in a flowing transport system with reducing
zones and under reducing and redox transition from reducing to oxidizing systems have been
limited.
In this work, we attempt to fill in some of these knowledge gaps about Tc behavior in the
presence of reducing material with soil and in a flowing transport system under reducing to
oxidizing conditions.

1.4 Objectives
The overall purpose of this work is to increase understanding of 99Tc reduction and
transport behavior under changing redox conditions. The objectives of this research are to
understand how flow and redox kinetics (as impacted by minerals) influence the behavior of Tc
within redox and chemical gradients, via batch and column experiments, which has not been
studied in depth previously (Hu et al. 2008; Icenhower et al. 2010; O’Loughlin et al. 2011).
Understanding the behavior, flow, and rate of Tc mobility in transitioning redox environments
and in the presence and absence of reducing materials is key to effective radionuclide waste
cleanup efforts (Hu et al. 2008; Icenhower et al. 2010; O’Loughlin et al. 2011).

1.5 Organization
This work is organized into four chapters:
1. Review of Technetium Biogeochemical Behavior
2. Technetium Kinetics
3. Technetium Transport Through Porous Media and Reducing Zones
4. Conclusions
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Chapters II and III are written as independent manuscripts, so some information may be repeated
in the chapters.
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CHAPTER 2. TECHNETIUM KINETICS
Abstract
Understanding the behaviors of technetium (Tc) during sorption to and desorption from
soils amended with titanomagnetite nanoparticles and in redox transition zones is critical for
understanding risks from technetium-99 (99Tc) released into the environment. In this work,
experiments were performed under variable redox conditions to evaluate the sorption and
desorption behavior of 99Tc in the presence of soil from the Savannah River Site (SRS) and
varying concentrations (0.01, 0.1, 1, 10 weight percent (wt%)) of titanomagnetite (Fe3-xTixO4)
nanoparticles. Kinetic batch experiments were conducted to investigate how reducing and
variable redox conditions and titanomagnetite nanoparticles affect reduction (sorption) and reoxidation (desorption) kinetics. There was minimal sorption under oxidizing conditions. Under
reducing conditions, there was minimal (<10% sorbed) sorption to solids over 21 days in all
percent titanomagnetite systems, except in the 10 wt% titanomagnetite reactors, where there was
50% sorption at 6 hours and 100% sorption at 24 hours. This suggests that reduction of Tc is
facilitated by the titanomagnetite nanoparticles above a certain concentration threshold between 1
and 10 wt%. Re-oxidation and desorption of 99Tc occurred relatively rapidly, on the order of
hours to days, and the amount of titanomagnetite in the system appeared to have no noticeable
effect on the rate of re-oxidation. These findings have important environmental implications
about Tc mobility in the environment. It would take Tc weeks to reduce in the subsurface even
under reducing conditions, unless there were efficient electron donors, such as titanomagnetite,
present in the system. However, it would take relatively short periods of oxidizing conditions for
Tc to re-oxidize and become mobile.
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2.1 Introduction
99

Tc is a highly redox-sensitive element, with solubility and mobility strongly dependent

on oxidation state (Icenhower et al. 2010). Under oxidizing conditions, 99Tc is predominately
present in a VII oxidation state as pertechnetate (TcO4-), which is highly mobile in porous media
(Icenhower et al. 2010; O’Loughlin et al. 2011). Under reducing conditions, 99Tc is
thermodynamically favored in a IV oxidation state as TcO2 and is typically immobile due to a
strong affinity to mineral surfaces (Icenhower et al. 2010; O’Loughlin et al. 2011). In the
environment, technetium is thermodynamically favored as pertechnetate, which is highly soluble
and weakly sorbing, with very low distribution coefficient (Kd) values, often reported in literature
ranging from 0.005 to 2.8 mL/g (Wildung et al. 1974; Schulte and Scoppa 1987; Kaplan et al.
2008; Icenhower et al. 2010; Montgomery et al. 2017). However, under reducing conditions,
which are commonly observed below the water table or in the presence of reducing materials,
99

Tc is thermodynamically favored as TcO2, which is sparingly soluble, immobile, and sorbs

more readily to solids, with reported Kd values ranging from 0.8 to 11.2 mL/g (Cui and Eriksen
1996a, b; Baston et al. 2002; Kaplan et al. 2008; Icenhower et al. 2010; Haudin et al. 2011;
Pearce et al. 2014). The Tc(VII)-Tc(IV) redox reaction is described by

Equation 4

A standard electrode potential (E°) is the measurement of the potential energy available from a
half-cell redox reaction when species are in their standard states and is used to quantify the
conditions under which oxidized and reduced technetium are thermodynamically stable (Meyer
and Arnold 1991; Meyer et al. 1991; Icenhower et al. 2010; Benjamin 2015a). Meyer and Arnold
(1991) experimentally determined the standard potential (E°) of the TcO4-/TcO2 redox reaction to
be 0.747 ± 0.004 V (Meyer and Arnold 1991; Icenhower et al. 2010). Redox potential (Eh) is the
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measurement of the potential for reduction (transfer of electrons) and is usually measured in volts
(V) or millivolts (mV), where a lower Eh value indicates reducing conditions (Benjamin 2015a).
Figure 2 shows an Eh-pH diagram for Tc, with a shaded region indicating stable species of Tc
and a shaded box with dashed border representing pH and Eh ranges typical of groundwater, as
reported in literature (Lieser and Bauscher 1987; Cantrell et al. 1995; Gu et al. 1996; Liang et al.
1996; Kaplan and Serne 1998; Mattigod et al. 2001; Icenhower et al. 2010). The boxed region
partly includes a section where the TcO2·2H2O(am) species is stable, indicating that in some
natural groundwaters, conditions could support the reduced species of Tc.

Figure 2. Eh-pH diagram for technetium. The shaded region indicates the amorphous solid TcO 2·2H2O(am) species as
stable and the shaded box with dashed border represents pH and Eh values typical of groundwaters, as reported in
literature (Lieser and Bauscher 1987; Cantrell et al. 1995; Gu et al. 1996; Liang et al. 1996; Kaplan and Serne 1998;
Mattigod et al. 2001; Kaplan et al. 2008; Icenhower et al. 2010).

Ferrous iron (Fe(II)) is regarded as a possible Tc(VII) reductant because of its reduction
potential and relatively common presence in subsurface environments (Liu J. et al. 2012). Tc(VII)
reduction appears to be strongly facilitated and enhanced when Fe(II) is sorbed onto or incorporated
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into minerals, which is explored in more detail below (Zachara et al. 2007; Peretyazhko et al. 2008;
Liu J. et al. 2012).

2.1.1 Technetium Sorption
Sorption relates the concentration of a species associated with solids to the concentration
in the aqueous phase (Icenhower et al. 2010). Sorption under equilibrium conditions can be
described by the distribution coefficient (Kd):

Equation 5

Where Cs = Msorbed/Msed and Cinitial is the initial concentration of Tc in the aqueous phase, Cfinal is
the end concentration of Tc in the aqueous phase, Vinitial is the initial volume of solution before
solid is added, and Msed is the mass of sediment added (Icenhower et al. 2010).
However, using Kd values and assuming equilibrium conditions is insufficient for making
long-term estimates of Tc behavior in the subsurface environment, especially when analyzing
kinetic behavior of Tc. Kd values are representative of the system at equilibrium, not of a dynamic
or flowing system, such as in the subsurface below the water table or during an environmental
redox transition. Kd values do not describe desorption or the reaction rates of Tc reduction or reoxidation.

2.2 Background
2.2.1 Previous Studies
The Fe(II) and Tc(VII) homogeneous redox reaction,

Equation 6
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shows that the redox reaction is dependent on pH, Tc(VII) activity, aqueous Fe(II) activity, and
the redox products (Zachara et al. 2007). Previous studies have shown that pH has an effect on
aqueous Tc concentration (Cui and Eriksen 1996b; Zachara et al. 2007).
Cui and Eriksen (1996b) studied the effect of pH on aqueous Tc concentration in the
presence of aqueous Fe(II) under reducing conditions (Cui and Eriksen 1996b). The authors
found that aqueous Tc concentration dropped sharply from 2-3 x 107 M to nearly 0.0 M with the
addition of NaOH, at 2,150, 8,000, or 9,000 minutes (1.5, 5.5, or 6.25 days) of reaction time, and
subsequent increase in pH from 7 to 9, in systems with both treated hydrophobic and untreated
glass surfaces and with and without crushed quartz. All reactions occurred between 8,000 and
20,000 minutes (6-14 days), which is a similar timescale as results presented in this work. A
higher pH (≥7) appeared to increase the rate of reduction of aqueous Tc. In all cases, the aqueous
Fe(II) alone was an ineffective reductant for Tc on these timescales, as the concentration of
aqueous Tc did not decrease before the addition of NaOH and subsequent increase in pH.
Zachara and colleagues (2007) examined the homogeneous Tc(VII) reduction by aqueous
Fe(II) under anoxic conditions and over pH values ranging from 6.0 to 8.0 (Zachara et al. 2007).
The authors have shown that Tc(VII) reduction rate is pH dependent, with reduction that occurred
at pH values greater than 7, and, unless facilitated by aqueous Fe(II), relatively slow. Reducing
experiments were performed in an anoxic environment, where Fe(II) aqueous solutions
equilibrated for four days before the addition of Tc(VII), after which the aqueous Fe(II) and
Tc(VII) concentrations were monitored over time (Zachara et al. 2007). Experimental conditions
consisted of pH values ranging from 6.0 to 8.0, Eh values ranging from 0.028 to 0.225 Volts (V),
11 µmol/L of aqueous Tc(VII), concentrations of aqueous Fe(II) ranging from 0.05 to 0.8
mmol/L, and concentrations of Fe(OH) ranging from 0.09 to 8.90 µmol/L (Zachara et al. 2007).
Over the 14-day experiment, measured concentrations of aqueous Tc (assumed to be Tc(VII)) at
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pH 6.0 remained constant at 11 µmol/L, at pH 6.8 the aqueous concentration of Tc(VII)
decreased from 11 to 0 µmol/L over two days, and at pH 8.0, the aqueous concentration of
Tc(VII) completely and rapidly reduced (within one hour) to 0 µmol/L (Figure 3). This indicates
the reaction rate is strongly pH dependent, supported by Equation 4, with Tc(VII) reduction
occurring at pH values greater than 6 (Zachara et al. 2007).

Figure 3. Zachara et al. (2007) results of anoxic reduction of Tc(VII) by aqueous Fe(II) at pH values of 6.0, 6.8, and 8.0
(Zachara et al. 2007).

Given the reaction in Equation 6, the concentration of Fe(II), an electron donor, should,
thermodynamically speaking, also have an effect on Tc reduction rates by facilitating reduction
(Zachara et al. 2007). However, as discussed above, Fe(II) facilitated reduction of Tc did not
occur at low pH values (<7) on the timescales studied (hours to weeks), though it did occur at
higher pH values (>7). In the same Zachara et al. (2007) study, concentrations of aqueous Fe(II)
at pH 6.0 remained constant at 0.4 mmol/L, at pH 6.8 concentrations of aqueous Fe(II) decreased
from 0.4 to 0.36 mmol/L, and at pH 8.0 concentrations of aqueous Fe(II) decreased from 0.4 to
0.33 mmol/L throughout the 14-day experiment (Zachara et al. 2007). The loss of Fe(II) in the
aqueous phase corresponded with the loss of aqueous Tc (discussed above), indicating that
aqueous Fe(II) can facilitate Tc reduction at pH values of 7.0 and 8.0. The total Fe(II) loss from
aqueous phase was higher than stoichiometric demand for complete Tc(VII) reduction, which
could mean that the solid product of the redox reaction sorbed the aqueous Fe(II) via adsorption

22

or precipitation (Zachara et al. 2007). Furthermore, when studying Tc reduction with a range of
aqueous Fe(II) concentrations at pH 7.0, the authors found that the higher the initial aqueous
Fe(II) concentration, the faster the aqueous Tc removal from solution. With an initial aqueous
Fe(II) concentration of 0.05 mmol/L, the aqueous Tc concentration decreased from 11 to 0
µmol/L over 26 days; with an initial aqueous Fe(II) concentration of 0.2 mmol/L, the aqueous Tc
concentration decreased from 11 to 0 µmol/L over 4 days; with an initial aqueous Fe(II)
concentration of 0.8 mmol/L, the aqueous Tc concentration decreased from 11 to 0 µmol/L over 1
day.
To study the oxidation, the solid products, produced from the reduction experiments in
Zachara et al. (2007), were collected, washed to remove unreacted aqueous Fe(II), resuspended,
and saturated with oxygen (Zachara et al. 2007). pH values remained constant throughout
sampling. During oxidative release of Tc(VII), about 7% (pH 8.0) to 10% (pH 6.8) of Tc(VII)
oxidized and solubilized over 120 hours (5 days), with a near-linear release of Tc, from the pH
6.8, 7.0, and 8.0 precipitates, which is consistent with pseudo-first order kinetics (Zachara et al.
2007). However, the release of Tc might simply only appear linear, due to the small amount of Tc
released and relatively short (5 days) sampling time. The sampling time was short due to
diminished mass of sample. Fine-grained TcO2·nH2O (11.9 µmol Tc/g solid/h) oxidized at a
faster rate, with 67% of the precipitate dissolved in four days.
The authors suggested that the limited oxidation and release of Tc implies that Tc(IV)
was structurally incorporated into the Fe/Tc precipitates or oxidized Tc(IV) was unable to diffuse
into the aqueous phase from intra-crystalline structures (Zachara et al. 2007). The reduction
reaction products oxidized at a slower rate than the fine-grained TcO2·nH2O. The difference
between oxidation rates of TcO2·nH2O and reduction products implies that Tc(IV) was protected
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against oxidation by structural incorporation or there was a layer of oxidized Fe over the Tc
precipitates.
Peretyazhko et al. (2008) investigated the reduction and kinetics of Tc(VII) by Fe(II)
sorbed on aluminum (Al) (hydr)oxides (diaspore (α-AlOOH) (5 g/L) and corundum (α-Al2O3) (3
g/L)) in solutions with a pH of 7 (Peretyazhko et al. 2008). The authors did not study Tc(VII)
reduction kinetics in these systems at other pH values. Since Fe is ubiquitous in the environment,
Fe is considered a significant reductant that could affect the mobility of Tc in reducing subsurface
environments (Zachara et al. 2007; Peretyazhko et al. 2008), given the overall reaction
.
Equation 7

There is interest in the influence of sorbed Fe(II) on Tc(VII) reduction, because the reduction of
Tc(VII) by aqueous Fe(II) is considered unlikely (Peretyazhko et al. 2008). In the study, diaspore
and corundum were added to minimize the effect of homogeneous Tc(VII) reduction. The authors
allowed the Fe(II) to sorb with the Al (hydr)oxides for two days under reducing conditions before
adding Tc(VII) to the anoxic systems (Peretyazhko et al. 2008).
The authors found that, in the presence of the Al (hydr)oxide diaspore, the decrease in
aqueous Tc corresponded with the decrease in aqueous and total Fe(II), indicating that sorbed
Fe(II) does facilitate aqueous Tc reduction (Peretyazhko et al. 2008). Once the Tc(VII) was added
to the diaspore system, aqueous Tc decreased at a steady rate, with about 50% Tc(VII) in solution
after four days (Peretyazhko et al. 2008). After 11 days of equilibration with the diaspore system,
about 95% of the Tc(VII) was removed from the aqueous phase (i.e., a change from 10.4 to ~0.6
µM of aqueous Tc(VII)), indicating Tc(VII) was reduced by the Fe(II) sorbed on the diaspore.
The reduction in aqueous Fe(II) in the diaspore suspension after 11 days was roughly equivalent
to the stoichiometric ratio of Fe(II)/Tc(VII) (3:1) needed for reduction of Tc(VII) to Tc(IV),
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indicating sorbed Fe(II) facilitation in Tc(VII) reduction. The concentration of dissolved Fe(II)
dropped from 100 to 70 µM, due to adsorption to the diaspore, and, after the addition of Tc(VII),
dropped again to about 40 µM by the eleventh day of reaction. The 30 µM decrease in aqueous
Fe(II) is proportional to the stoichiometric concentration needed for complete Tc reduction.
The authors found that, in the presence of the Al (hydr)oxide corundum, the decrease in
aqueous Tc corresponded with the decreases in aqueous and total Fe(II), indicating that, like in
the diaspore system, sorbed Fe(II) did facilitate aqueous Tc reduction (Peretyazhko et al. 2008).
In the corundum system, aqueous Tc(VII) decreased at an exponentially fast rate, with about 50%
Tc in solution after about 1.5 days in the 10 µM initial Tc system and about 30% Tc in solution
after about 1.5 days in the 30 µM initial Tc system (Peretyazhko et al. 2008). After 4 days, the
authors found complete reduction of Tc(VII) and simultaneous reduction of aqueous and total
Fe(II) concentrations, indicative of Tc(VII) reduction by the Fe(II) sorbed on the corundum.
Similar to the diaspore system, reduction in aqueous Fe(II) in the corundum system after 4 days
was roughly equal to the stoichiometric ratio of Fe(II)/Tc(VII) (3:1) needed for reduction of
Tc(VII) to Tc(IV).
Liu and colleagues (2012) studied the heterogeneous reduction of Tc(VII) to Tc(IV)bearing solids using titanium-doped magnetite (Fe3-xTixO4), or titanomagnetite (TM),
nanoparticles, which are structurally and chemically analogous to titanomagnetites naturally
present at the Hanford nuclear reservation in Washington (Liu J. et al. 2012). This titanium-doped
magnetite material was selected for its magnetite, a Fe(II)-bearing mineral, and adjustable
Fe(II)/Fe(III) ratio, which could control the thermodynamic reduction potential. Ti(IV) replaces
Fe(III) in the crystal lattice, along with a reduction of lattice Fe(III) to Fe(II), increasing the
Fe(II)/Fe(III) ratio. A more detailed description of the titanium-doped magnetite (Fe3-xTixO4)
nanoparticles is given in Pearce and colleagues (2012) (Pearce et al. 2012).
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To monitor the kinetics of aqueous Tc reduction in the presence of the titanomagnetite
nanoparticles, a nanoparticle suspension was mixed with a pH 8 buffer solution to get a
concentration of 0.5 g/L Fe3-xTixO4 (x = 0.00-0.53), resulting in a 1.3 mg:30 mL solid to solution
ratio, which was shaken for 20 hours prior to spiking the mixture with 99Tc(VII) to reach either a
10 or 30 µM concentration (Liu J. et al. 2012). Aliquots were obtained from this mixture over
time for analysis of Tc concentration and all experiments were conducted in an anoxic glovebox.
Results showed that when x = 0.00 (in Fe3-xTixO4), Tc(VII) aqueous concentrations were reduced
by 30%, but with titanomagnetite nanoparticles (x > 0.00 in Fe3-xTixO4) 72-100% of the aqueous
Tc(VII) was removed from solution, presumably due to reduction to Tc(IV). Increasing the
Fe(II)/Fe(III) ratio by substituting with Ti(IV), therefore, had a substantial effect on the reduction
of Tc(VII). Tc(VII) reduction by magnetite (x = 0.00) appeared to be controlled by first-order
kinetics, however, Tc(VII) reduction by the nanoparticles (x > 0.00) appeared to be controlled by
more complex kinetics, with redox reactivity seeming to be related to the stoichiometry (x ≤
0.38). Reduction capacity of the nanoparticles appeared to be high, as the amount of Fe(II)
oxidized in the initial 30 minutes increased with Tc(VII) concentration, shown in Figure 4 and
Figure 5. The reactions that occurred are complex, with concomitant dissolution of Fe(II),
adsorption of Tc(VII), and redox reactions that occurred at the interface that produced insoluble
Tc(IV) and Fe(III) (Liu J. et al. 2012).
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Figure 4. Reduction of 10 µM aqueous Tc(VII) by 1.3 mg Fe3-xTixO4 nanoparticles, with Tc(VII) concentration shown as
a function of time for x = 0.00 (black squares), 0.15 (black circles), 0.25 (black triangles), 0.38 (white squares), and 0.53
(asterisks) (Liu J. et al. 2012).

Figure 5. First order rate constants for the initial stage of Tc(VII) reduction as a function of Fe(II)/Fe(III) ratio within
the nanoparticles (Liu J. et al. 2012).

2.2.2 Conceptual Model
A conceptual model for redox-driven Tc sorption and desorption to solids based on our
current understanding of 99Tc geochemistry is shown in Figure 6. When Tc is present as Tc(VII)
in the aqueous phase, it can be reduced to aqueous Tc(IV) (Equation 6) (Zachara et al. 2007) or
sorb as Tc(VII) on the solid (Equation 4) (Icenhower et al. 2010). Tc(VII) on the solid can be
reduced to Tc(IV), with this reaction potentially facilitated by iron present in the mineral grains
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(Equation 6) (Zachara et al. 2007; Peretyazhko et al. 2008). Tc(IV) on the solid can become
incorporated into the solid phase (Equation 6) (Zachara et al. 2007). Tc(IV) on the solid can also
go to Tc(IV) in the aqueous phase (Zachara et al. 2007; Icenhower et al. 2010). The rate constants
(kf/r,i) are for each Tc reaction i, whereas the subscripts represent a forward (f) or reverse (r)
reaction rate constant. We assume all reactions are potentially reversible at laboratory time scale,
except the release of Tc incorporated into the mineral crystal structure (i.e., Equation 6).

Figure 6. Conceptual model of 99Tc behavior in an aqueous solution with solid material (in this case, the solids are SRS
soil and titanomagnetite nanoparticles).

We note, however, that a number of these phases are either chemically unfavorable or
immeasurable with this experimental setup. For example, the existence of Tc(IV) in the aqueous
phase under reducing conditions is chemically unfavorable (and likely undetectable) and can,
thus, be ignored (Zachara et al. 2007; Peretyazhko et al. 2008; Icenhower et al. 2010). Tc(IV)s,a
incorporated into the solid phase was not measured in this work so cannot be distinguished from
sorbed Tc and step 3 can, therefore, be disregarded as a distinct storage pool. In these
experiments, 99Tc on the solid phase is determined from the known total 99Tc concentration and
the measured 99Tc concentration in the aqueous phase. Thus, we cannot determine the oxidation
state of 99Tc on the solid. A simpler conceptual model, shown in Figure 7, illustrates the phases
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that are chemically favorable and measurable in this experimental setup. There are two rate
constants (k), one for the forward reaction (kf) and one for the reverse reaction (kr).

Figure 7. Simplified conceptual model of 99Tc behavior in an aqueous solution with solid material (in this case the
solids are SRS soil and titanomagnetite nanoparticles).

2.2.3 Modeling
Modeling of the reaction kinetics was used to obtain values for the forward (kf) and
reverse (kr) rate constants. The model was developed based on the simplified conceptual model in
Figure 7 and a simple, reversible first-order reaction (Brezonik and Arnold 2011), described by
99

Tcaq +  FeTiO

 FeTiOTcs ,
Equation 8

which is simplified to

,
Equation 9

where FeTiO is the titanomagnetite nanoparticles, Tcaq is the aqueous phase Tc, Tcs is the solid
phase Tc (or non-aqueous Tc), kf is the forward rate constant, and kr is the reverse rate constant.
The rate of change of Tc in the aqueous phase is written as

,
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Equation 10

where kf is the forward rate constant for Tc leaving the aqueous phase and kr is the rate constant
(reverse) for the desorption of Tc from the solid phase (Brezonik and Arnold 2011). At time, t,
the concentration of Tc sorbed to the solid phase is given by

,
Equation 11

thus resulting in the reaction rate in terms of aqueous concentration of Tc:

Equation 12

At equilibrium, i.e., d[Tc]aq/dt = 0, the concentration of aqueous Tc can be written as:

[Tc]aq (eq) =

kr
[Tc]total
k f + kr
Equation 13

Integrating Equation 12 gives:

Equation 14

Using initial conditions,  Tc aq ( t ) =  Tc total when t = 0, to solve for c1:

Equation 15

The final analytical solution can be determined:

.
Equation 16
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which is used in the kinetic model and Fe and O2(aq) are constants incorporated into the Tc term.
Equation 16 is fit to the data by using measured values and adjusting the sum of kf and kr to get
the best fit to the data. Equation 16 was used to model the loss of Tc from the aqueous phase as it
reduced as a function of time.
For oxidizing conditions,

Equation 17

where [Tc]aq(eq)’ is the equilibrium concentration for the oxidizing conditions. This means that
in Equation 15, [Tc]total‘ would be equal to [Tc]s(eq) for the reducing phase of the experiment,
assuming equilibrium has been reached.

2.3 Motivation and Objectives
The association of Tc with solids in the subsurface, the related kinetics, and the
consequences for transport of this radionuclide under time-varying redox conditions are still not
fully understood, yet it is important to address these issues to understand Tc behavior in realworld soils and aquifers. Developing a better understanding of how Tc interacts with solids,
whether it is incorporated into the matrix or sorbed onto the surface of solid, will allow for more
robust Tc management solutions. Given that Tc mobility is strongly dependent on pH and redox
conditions, obtaining this improved understanding is particularly important for developing a
better understanding of problems, like the leakage of Tc from nuclear waste storage tanks, to
enhance prediction of Tc behavior in the environment.
Because of these gaps in knowledge, the overall objective of this work is to increase
understanding of 99Tc behavior and sorption to Savannah River Site (SRS) soil in the presence
and absence of titanomagnetite (TM) nanoparticles, adapted from Liu et al. (2012) and Pearce et
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al. (2012, 2014) under reducing and variable redox conditions (from reducing to oxidizing) using
kinetic batch sorption experiments. Specific objectives include:
1. Determine rate and extent of sorption (reduction) of 99Tc to SRS soil in the presence and
absence of titanomagnetite nanoparticles in a reducing environment.
2. Determine the rate and extent of desorption (re-oxidation) of 99Tc after transition from a
reducing environment to an oxidizing environment, in the presence and absence of
titanomagnetite nanoparticles.
3. Determine kinetic rate constant values from a reversible first-order reaction model of the
data.

2.4 Materials and Methods
2.4.1 Sample Preparation
Titanomagnetite particle amendments were used in this study to investigate the kinetics
of 99Tc reduction and re-oxidation in soils with varying amounts of reductant (Zachara et al.
2007; Peretyazhko et al. 2008; Liu J. et al. 2012; Pearce et al. 2012, 2014). Titanomagnetite (Fe3xTixO4)

was selected as a control on the overall reducing capacity of the soil because Liu et al.

(2012) found that magnetite nanoparticles (x = 0.0) were only able to reduce 30% of Tc(VII)
whereas titanomagnetite nanoparticles (x > 0.0) were able to reduce 72-100% of Tc(VII) under
reducing conditions. The production of titanomagnetite nanoparticles was adapted from Liu et al.
(2012), Pearce et al. (2012), and Pearce et al. (2014) (Liu J. et al. 2012; Pearce et al. 2012, 2014).
The amended soil samples were prepared using soil collected from the Savannah River Site West
Borrow Pit in Aiken, SC and the soil properties are summarized in Table 1. Samples were
prepared by homogenously amending the soil with 0.0, 0.01, 0.1, 1, or 10% of the total solid
weight (wt%) with titanomagnetite nanoparticles. These samples were then used in the batch
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experiments described below to determine the effect of titanomagnetite concentration in the soil
on the reduction and oxidation kinetics of Tc.
Table 1. Chemical and physical properties of SRS soil
(Montgomery et al. 2017).

Property

Measurement

Surface Area (m2/g)

14.1

pH (50/50 soil/water)

4.76

Point of zero charge

4.9

Sand/Silt/Clay (%)

66/14/20

Organic matter (%)

0.90

CEC (meq/100 g)

3.3

Acidity (meq/100 g)

2.4

CBD extractable Fe
(mg/g)

6.01 ± 0.68

CBD extractable Al (mg/g)

1.98 ± 0.20

2.4.2 Kinetic Batch Sorption Methods
Batch experiments were performed in 50 mL polypropylene centrifuge tubes with 1.1 g
of solid material and 44 mL of aqueous solution to produce a 25 g/L solid suspension for each
composition of the amended soil mixtures; triplicate samples were prepared for each soil to
nanoparticle ratio, with error calculated from standard deviation (with the exception of the “no
solid” and “0% TM” under oxidizing conditions). The background electrolyte solution added to
each sample was 0.01 M sodium chloride (NaCl). A stock solution of 99Tc in 0.01 M NaCl
background solution was added to each sample to get a total 99Tc concentration of 50 µg/L. All
solutions were pH adjusted to 5.0 (±0.1), to match the pH of the soil, prior to the start of the
experiment. Triplicate control samples containing the Tc-spiked solution, but no solid, were also
included and treated in the same way as the other samples throughout the experiment.
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For the experiments performed under reducing conditions, the solid and 0.01 M NaCl
mixtures were stored in a glove box (2% H2, 98% N2, <2 ppm O2) for 13 weeks prior to the
addition of Tc to allow the system to equilibrate. 99Tc was added to the samples just prior to the
start of sampling for measurement (addition of 99Tc represents “time = 0”). Sample aliquots were
taken for measurement of aqueous Tc concentration at times 0.25, 1, 1.3, 2, 3, 4, 5, 6, 24, 48, 73,
96, 168, 336, 504, and 2016 hours after the start of the experiment. All work was done in the
anoxic glove box and care was taken to keep the samples anoxic.
For experiments performed under reducing then oxidizing (atmospheric) conditions, the
solid and 0.01 M NaCl mixtures were stored in the glove box (2% H2, 98% N2, <2 ppm O2) for 13
weeks to equilibrate under reducing conditions. After this period, 99Tc was added to each vial,
which was then again left to equilibrate under reducing conditions for an additional 16 weeks. A
one mL sample was taken from each vial for measurement and then the vials were removed from
the glove box and centrifuged for 10 minutes (Beckman Coulter Allegra X-22R, C0650, 9000
rpm), though care was taken to keep samples capped to minimize exposure to oxygen. The
supernatant was then removed without disturbing the solid material and replaced with fresh 0.01
M NaCl background solution (oxygenated, pH of 5 (±0.1), and the same solid to aqueous solution
ratio). This point represents “time 0” of the oxidation experiment aimed at understanding the
release of Tc from the soil and nanoparticles. Samples were then taken for 99Tc measurement at
times 0, 0.5, 1, 2, 3, 6, 24, 48, 72, 96, 168, 336, 504, and 672 hours after the start of the
experiment.
Vials with aqueous Tc and solid material (SRS soil and titanomagnetite nanoparticles)
were also prepared, sampled, and measured under oxidizing (benchtop) conditions for
comparison to reducing and reducing to oxidizing measurements.
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The samples were homogenized by shaking prior to extraction of the aliquots in order to
maintain an approximately constant solid to liquid ratio throughout the course of the experiment.
After extraction, each aliquot was centrifuged for 7 minutes, after which the supernatant was
removed from the vial for measurement of the aqueous concentration of 99Tc. The sample was
taken for analysis via liquid scintillation counter (LSC) by a Perkin Elmer Tricarb 4200 LSC.
Four mL of LSC cocktail was added to the sample and shaken before counting. The measured
sample represents the concentration of 99Tc in the aqueous phase. Concentrations of 99Tc in the
solid phase were inferred from the difference between the initial 99Tc concentration and the
aqueous concentration at time t (Equation 11).
In this work, it is assumed that Tc measured in the aqueous phase is Tc(VII) and Tc in the
solid phase (inferred, discussed above) is Tc(IV) (Figure 8). It is also assumed that sorption
occurred under reducing conditions and de-sorption occurred under re-oxidation conditions.

Figure 8. Tc measured in the aqueous phase is assumed to be Tc(VII) and Tc measured in the solid phase is assumed to
be Tc(IV). Sorption occurred under reducing conditions and de-sorption occurred under re-oxidation conditions.

2.5 Results
Aqueous Tc sorption to the solid phase was minimal under oxidizing, atmospheric
conditions (Figure 9). This is consistent with previous findings, in that Tc(VII) does not reduce or
sorb readily under oxidizing conditions (Kaplan et al. 2008; Icenhower et al. 2010).
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Figure 9. 99Tc sorption to solid under oxidizing conditions with varying concentrations of SRS soil and titanomagnetite
(TM) nanoparticles. Fraction of 99Tc in aqueous shown over time. Error bars are standard deviation of the mean of the
triplicate.

Measurements of aqueous Tc under reducing conditions showed slow reduction rates in
the presence of all SRS soil and titanomagnetite systems, except for the 10 wt% titanomagnetite
system. Figure 10 shows that the concentration of Tc in the aqueous phase slowly decreased over
time during the initial 500 hours, with the exception of the 10 wt% titanomagnetite dataset, under
reducing conditions. For all titanomagnetite concentrations, except the 10 wt% case, at least 88%
of the Tc remained in aqueous form three weeks after the Tc spike. For the samples with 10 wt%
titanomagnetite nanoparticles, Tc sorbed to the solid relatively quickly, with 46.7% of the total Tc
in the aqueous phase after 6 hours and nearly 0% in the aqueous fraction after 24 hours. Notably,
a small decrease in the aqueous Tc concentration occurred for the control samples without soil
between hours 500 and 2016, but the change is insignificant compared to the other samples
containing soil.
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Figure 10. 99Tc sorption to solid under reducing conditions with varying concentrations of SRS soil and titanomagnetite
(TM) nanoparticles. Fraction of 99Tc in aqueous shown over time. The system with 1 wt% titanomagnetite shows the most
sorption of 99Tc, occurring rapidly in the initial 6 hours. Error bars are standard deviation of the mean of the triplicate.

When the system changed from reducing to oxidizing conditions, the rates of oxidation
and subsequent desorption of Tc occurred rapidly, on the order of hours to days for all samples
(Figure 11). The weight percent of titanomagnetite in the system appeared to have little to no
effect on the rate of desorption. Desorption did appear to occur at two rates (two slopes, Figure
12), first a faster rate between 0 and 24 hours, with a slope of ~0.0258, then a slower rate from 48
to 672 hours, with a slope of ~0.0001. In the 1 wt% titanomagnetite system, Tc did not desorb
completely, with about 9% of Tc remaining out of solution (sorbed to solid) at the last sampling
time, which was more than for the other samples.
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Figure 11. 99Tc desorption from solid after being transitioned from reducing conditions to oxidizing conditions, with
varying concentrations of SRS soil and titanomagnetite (TM). Fraction of Tc leached over time. Error bars are standard
deviation of the mean of the triplicate.
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Figure 12. 99Tc desorption from solid after being transitioned from reducing conditions to oxidizing conditions, with
varying concentrations of titanomagnetite (TM) with SRS soil. Lines with linear fits to the 10% TM dataset, fit to the 024-hour data points (y = 0.0258x + 0.1865 (R2=0.8051)) and 48-672-hour data points (y = 0.0001x + 0.8318 (R2 =
0.7986)), to emphasize the two different slopes. Note that the x-axis is on a log scale. Error bars are standard deviation
of the mean of the triplicate.
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There appeared to be a near-linear relationship between the amount of titanomagnetite
amended to the soil and the fraction of Tc remaining on the solid phase at the end of the reducing
to oxidizing experiment (Figure 13). With increased titanomagnetite, there was increased Tc in
the solid phase, indicating that the titanomagnetite is either slowing down the rate of Tc re-

Fraction Tc Remaining on Solid

oxidation and desorption or prohibiting complete re-oxidation and desorption.
10.0%
7.5%
5.0%
2.5%
0.0%
0.01%

0.10%

1.00%

10.00%

wt% Titanomagnetite
Amended samples

Soil only

Figure 13. Relationship between wt% of titanomagnetite and fraction of Tc remaining on solid phase at the last time
point (672 hours) in the reducing to oxidizing experiment. This relationship appears to be linear, or near-linear, between
1% and 10% titanomagnetite (TM). Error bars are standard deviation of the mean of the triplicate.

2.6 Discussion
2.6.1 Reducing Model
Equation 16 was used to parameterize the forward and reverse rate constants for the
reaction under reducing conditions, shown in Figure 14 and Table 2 below. To develop an
acceptable model fit using the same forward and reverse rate constants in the reducing and
reducing to oxidizing systems, the reverse rate constant was set to zero and the forward rate
constant was determined using an optimization algorithm, essentially turning the forward and
reverse rate constants into one summed constant, the effective rate constant. The other constants
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in the equation were set to the initial conditions for the reducing (forward reaction), taken from
measurements. The last data point was not included in the model fit because the standard
deviations of these measurements were very high. The forward rate constants roughly increased
with increasing weight percent of titanomagnetite. While the 0-1 wt% titanomagnetite systems all
had relatively low effective rate constants, the 0.1% titanomagnetite and 1 wt% titanomagnetite
systems had the lowest effective rate constants, and the 10 wt% titanomagnetite system had the
highest rate constant (Table 2).

Fraction in Aqueous

1.0

0.8

0.5

0.3

0.0
1
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Time (hours)
0% TM data

0% TM model

0.01% TM data

0.01% TM model

0.1% TM data

0.1% TM model

1% TM data

1% TM model

10% TM data

10% TM model
Figure 14. Kinetic model fit to data of 99Tc sorption to solid under reducing conditions. Error bars are of standard error.
Note: last data point not included in model fit.
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Table 2. Effective rate constants from reducing
conditions.

% TM

Effective Rate Constant (Sum of
kf,1 and kr,1) (hr-1)

0

5.97E-03

0.01

8.02E-03

0.1

4.24E-03

1

3.75E-03

10

1.33E-01

2.6.2 Reducing to Oxidizing Model
Equation 16 was used to parameterize the effective rate constants (sum of forward and
reverse rate constants (reverse rate constants were set to zero)) for the reduction reaction and
those rate constant values were also used in the reducing to oxidizing model fit, shown in Figure
15 and Figure 16 below. The same effective rate constant values were used in both the reducing
and reducing to oxidizing conditions datasets because the equation modeled those reactions
simultaneously, with the forward reaction represented by the reducing dataset, and the reverse
reaction represented by the reducing to oxidizing (desorption) dataset. Effective rate constants (k)
for this fit are shown in Table 2.
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Fraction Tc Desorbed
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0.01% TM data

0.01% TM model

0.1% TM data

0.1% TM model

1% TM data

1% TM model

10% TM data

10% TM model
Figure 15. Kinetic model fit to data of 99Tc desorption under reducing to oxidizing conditions (using rate constants from
model fit under reducing conditions). Error bars are of standard error.

Concentration in the aqueous phase increased relatively rapidly over time and at roughly
the same rate for all the titanomagnetite systems during the desorption step. The 10 wt%
titanomagnetite system initially desorbed faster and then became slightly slower than the other
systems. Tc in the 0.1 wt% titanomagnetite system appeared to desorb more completely than the
other titanomagnetite systems. The model fit for the 10 wt% titanomagnetite system is poor due
to using the effective rate constant determined from the reducing system datasets. However, the
model fit for the remaining weight percent titanomagnetite systems are fairly good.

2.6.3 Summary of Models
A regression analysis was used to determine individual fits of the models to the reducing
and reducing to oxidizing datasets, separately. The equation
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Equation 18

determined from Equation 16, was used for this analysis. Figure 16 shows the data and model fit
using rate constants determined from the forward reaction (reducing conditions), obtained via
regression analysis. Figure 17 shows the data and model fit using rate constants determined from
the reverse reaction (reducing to oxidizing conditions), obtained via regression analysis.

Fraction in Aqueous

1.0
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0.5

0.3

0.0
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Time (hours)
0% TM data

0% TM model

0.01% TM data

0.01% TM model

0.1% TM data

0.1% TM model

1% TM data

1% TM model

10% TM data

10% TM model
Figure 16. Kinetic model fit to data of 99Tc desorption under reducing conditions, using rate constants from model fit
under reducing conditions from the regression analysis. Error bars are of standard error. Note: last data point is not
included in model fit.
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Fraction Tc Desorbed

Tc Desorption: Reducing to Oxidizing
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0% TM model

0.01% TM data

0.01% TM model

0.1% TM data

0.1% TM model

1% TM data

1% TM model

10% TM data

10% TM model
Figure 17. Kinetic model fit to data of 99Tc desorption under reducing to oxidizing conditions, using rate constants
from model fit under reducing to oxidizing conditions from the regression analysis. Error bars are of standard error.

The models fit relatively well for most of the systems, though the 10 wt% titanomagnetite
model had the worst fit, likely because some of the assumptions in the model were
oversimplified. The model accounted for one variable (Tc in the aqueous phase), given

,
Equation 19

where [Fe] and [O2](aq) are constants incorporated into the k’ term.
The reduction of Tc(VII) under reducing conditions and re-oxidation of Tc(IV) under
oxidizing conditions were hysteretic processes, due to the Fe(II) in the titanomagnetite for
reduction and O2(aq) for oxidation. This suggests that there were three variables (Tc, Fe, and O2(aq))
in the system. If the Fe and O2(aq) are also considered variables in the system, then the rate
equation is
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Equation 20

And the generic redox equation is

Tc(VII)+3Fe(II)

Tc(IV)+3Fe(III) ,
Equation 21

where Tcaq versus time is monitored and Tc(VII) = Tcaq is assumed. When fitting rate constants
based on Tcaq, it was assumed that Fe(II) and O2(aq) were constant and incorporated into the Tc
term. However, the poor model fits suggested that this was not true. When the system became
reducing, the Fe(III) reduced to Fe(II), which increased Fe(II) in the system over time and when
the system re-oxidized the O2(aq) increased over time.
There was a slow, steady decline in Tcaq over time in the lower titanomagnetite (0-1 wt%)
systems and then a rapid drop in Tcaq after 2000 hours, likely because the Fe(II) from the soil
eventually surpassed the initial Fe(II) and drove the system to reduce (more) rapidly. Over time
under reducing conditions, Fe(III) in the soil reduced to Fe(II), increasing the Fe(II) content in the
system, which then reduced the Tc(VII). This was not observed in the 10 wt% titanomagnetite
system likely because the Fe(II) from the soil did not exceed the initial Fe(II) content from the
titanomagnetite. The results from the reduction of Tc under reducing conditions indicate that Tc
reduction was not the only driving factor in the reduction of the whole system, as the reduction
was facilitated by Fe reduction (Fe(II)).
The model fits could be improved if the model was revised to be a multi-rate reaction
model to assume different reaction orders for the forward and reverse reactions. For example,
there are two desorption slopes and a model with a different reaction order could potentially fit
the data better. Assuming different reaction orders for the forward and reverse reactions would
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add a layer of complexity in the models, which is important when modeling the complex
reactions occurring in these Tc and titanomagnetite systems.
Reduction of Tc occurred at a slower rate than re-oxidation and subsequent desorption of
Tc, unless a substantial amount of titanomagnetite was present. In systems with no or low (0-1
wt%) concentrations of titanomagnetite material, reduction occurred on the order of weeks. This
is supported by findings made in Zachara et al. (2007), where they found aqueous Tc(VII)
decreased over 26 days with 0.05 mmol/L of Fe(II) (Zachara et al. 2007). This likely occurred
because there was not enough Fe(II) in the no or low concentration titanomagnetite systems to
facilitate Tc(VII) reduction, as, thermodynamically, a 3:1 ratio of Fe(II) to Tc(VII) is needed to
reduce Tc(VII), shown in Equation 6 (Zachara et al. 2007). However, with enough
titanomagnetite in the system, reduction of Tc occurred rapidly, on the order of hours. This is
supported by findings in Liu et al. (2012) and Zachara et al. (2007). Liu et al. (2012) reported
reduction of Tc(VII) in the presence of titanomagentite (Fe3-xTixO4), with increased and relatively
rapid reduction occurring with larger x values in Fe3-xTixO4 (Liu J. et al. 2012). Zachara et al.
(2007) found that higher concentrations of Fe(II) facilitated faster reduction of aqueous Tc(VII),
with 0.8 mmol/L of Fe(II) reducing aqueous Tc(VII) completely in one day (Zachara et al. 2007).
This was likely due to the higher concentration of the titanomagnetite and Fe(II) in the system,
which could facilitate Tc(VII) reduction at a faster rate with more Fe(II).
Re-oxidation and subsequent desorption of Tc occurred at a faster rate than initial
reduction, with titanomagnetite concentration having little to no effect on the rate of desorption.
This is different from the findings presented in Zachara et al. (2007). Zachara et al. (2007) found
there was rapid (about 70% release in 2 hours) oxidative release of Tc(VII) from Tc(IV)O2·nH2O
(no Fe present) and slow (about 10% release in 2 hours) oxidative release of Tc(VII) from Fe/Tc
precipitates at pH values of 6.8, 7, and 8 (Zachara et al. 2007). However, in the findings presented
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in this work, there was nearly no difference in the rate of desorption amongst the systems with no
solid, 0, 0.01, 0.1, 1, and 10 wt% titanomagnetite (about 50% in 6 hours and >90% in 672 hours).
Additionally, this work monitored desorption for a longer time period, 672 hours, compared to
previous work. Results suggest that titanomagnetite concentration might have an effect on extent
of Tc desorption. >96% Tc desorbed in the no solid, 0, 0.01, 0.1, and 1 wt% titanomagnetite
systems after 672 hours, yet, 91% Tc desorbed in the 10 wt% titanomagnetite system after 672
hours. While small, the difference is measurable. This could be explained by a slowing desorption
rate in the 10 wt% titanomagnetite system or that Tc will not be completely desorbed or removed
from the particles in the 10 wt% titanomagnetite system.
This has implications for understanding the rate of Tc mobility in the environment. It
would take more stable, longer-term, on the order of weeks, reducing conditions to immobilize Tc
in the subsurface. However, Tc could remobilize quickly if the conditions switched to oxidizing,
even if for a short time, on the order of hours.
The effect of titanomagnetite on Tc mobility does appear to be dependent on
concentration of the reducing material. The presence of a reducing material, like titanomagnetite
nanoparticles, and in a large enough concentration, Tc could immobilize relatively quickly, on the
order of hours, if also in the presence of reducing conditions. With enough reducing material,
small concentrations of Tc could potentially remain in the solid phase for longer periods of time
(longer than 672 hours) after re-oxidation, which could add complexity to Tc mobility modeling
and prediction efforts. Additionally, small amounts of Fe(II) material in the subsurface likely will
not facilitate measurable Tc reduction in the environment.

2.7 Conclusions
The results from the batch sorption experiments and models are important when
considering Tc transport rates in the environment and finding the best containment and storage of
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Tc waste products. Slow reduction rates and faster oxidation rates indicate that if there is reduced
Tc in the environment, such as beneath the water table, it would oxidize and mobilize relatively
rapidly if oxygen were introduced to the system, such as a drop in the water table. Tc desorbs
rapidly, but incompletely in the presence of 10 wt% titanomagnetite, so not all the Tc would
become mobile if a reducing mineral, such as titanomagnetite, was in the subsurface in high
enough concentrations. Results also indicate that if storage tanks leaked and released Tc into the
environment, it would move readily in the subsurface and reduce relatively slowly, on the order
of days to weeks, if exposed to a reducing zone. However, if there were high enough
concentrations (>1 wt%) of reducing material, such as titanomagnetites, Tc could reduce more
rapidly, on the order of hours to days.
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CHAPTER 3. TECHNETIUM TRANSPORT THROUGH
POROUS MEDIA CONTAINING REDUCING ZONES
Abstract
Experiments were performed under variable redox conditions to evaluate the transport
behavior of 99Tc and 99mTc in the presence of soil from the Savannah River Site (SRS) and 1 wt%
and 10 wt% titanomagnetite layers. The titanomagnetite was selected for its 99Tc reducing
capacity and layer concentrations were selected based on previous batch kinetic work. The
experiment was conducted to investigate how redox transitions (reducing to oxidizing conditions)
and three concentrations of titanomagnetite nanoparticles (0%, 1%, and 10%) mixed with SRS
soil affect the overall mobility of 99Tc and 99mTc as it transitions between mobile Tc(VII) and
immobile Tc(IV). A 1D gamma-ray scanner was used to measure 99mTc activity nondestructively
within the column and an X-ray computed tomography (CT) imaging system was used to monitor
physical processes of NaI transport in situ. These two novel measuring techniques, in addition to
measuring fractionated effluent, were used to evaluate the chemical and physical processes of
99

Tc and 99mTc transport through the porous media. Tc appeared to behave non-conservatively and

became partially and immediately reduced within the column. 1D gamma-ray scanning results
revealed 99mTc immobilization in the 1% and 10% titanomagnetite layers, with increased activity
in those layers. After switching the system to oxidizing conditions and many displaced pore
volumes over the course of weeks, the sorbed 99Tc eventually desorbed and released from the
column, suggesting that the mechanism for 99Tc immobilization was sorption and not
incorporation into the crystal structure.
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3.1 Introduction
Radionuclide waste from nuclear weapons and power production must be properly
understood and contained to prevent contamination in natural environments. Technetium (Tc), in
particular, is of interest due to its long half-life (2.1 x 105 years), environmental mobility, and
quantities, which make it a significant risk driver for radionuclide transport (Wildung et al. 1979;
Schulte and Scoppa 1987; Icenhower et al. 2010). Understanding the geochemical controls on the
transport behavior of technetium is fundamental to determining risks associated with long-term
storage solutions for technetium waste (Icenhower et al. 2010). Due to its production and
widespread occurrence from nuclear weapons and power production and a long half-life, 99Tc is
an important environmental contaminant and risk driver, (Schulte and Scoppa 1987; Icenhower et
al. 2010; Boggs et al. 2011). The geochemical and transport behavior of 99Tc in the subsurface
environment is fundamental to determining long-term radioactive waste storage solutions so Tc
transport can be appropriately controlled and effectively modeled in waste containment facilities.
The mobility of Tc is strongly influenced by redox chemistry. Under oxidizing
conditions, Tc is present as TcO4- in its VII oxidation state, which is mobile and highly soluble in
aqueous conditions (Gu et al. 1996; Liang et al. 1996; Ashworth and Shaw 2005; Icenhower et al.
2010). In reducing conditions, Tc is present as TcO2 in its IV oxidation state, which is immobile
and relatively insoluble (Gu et al. 1996; Liang et al. 1996; Ashworth and Shaw 2005; Icenhower
et al. 2010).

3.1.1 Technetium Redox Chemistry
Tc is a highly redox-sensitive ion in aqueous solutions, with solubility and mobility
strongly dependent on the oxidation state (Icenhower et al. 2010). Under oxidizing conditions, Tc
is predominately present in a VII oxidation state as pertechnetate (TcO4-), which is highly mobile
in porous media with sorption distribution coefficient (Kd) values often reported in literature in
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the range from 0.005 to 2.8 mL/g (Wildung et al. 1974; Gu et al. 1996; Liang et al. 1996;
Ashworth and Shaw 2005; Kaplan et al. 2008; Icenhower et al. 2010; O’Loughlin et al. 2011;
Montgomery et al. 2017). Under reducing conditions, which are commonly observed below the
water table or in the presence of reducing materials, Tc is thermodynamically favored in a IV
oxidation state as TcO2. In this case, TcO2 is typically immobile due to a strong affinity to
mineral surfaces (Gu et al. 1996; Liang et al. 1996; Ashworth and Shaw 2005; Icenhower et al.
2010; O’Loughlin et al. 2011), with reported Kd values ranging from 0.8 to 11.2 mL/g (Cui and
Eriksen 1996b, a; Baston et al. 2002; Kaplan et al. 2008; Icenhower et al. 2010; Haudin et al.
2011; Pearce et al. 2014).
The redox reaction for Tc(VII)-Tc(IV) is

Equation 22

where three electrons are thermodynamically needed to reduce TcO4- (Icenhower et al. 2010).
While reducing conditions are required for Tc reduction, the availability of enough electrons to
meet the 3:1 ratio is key to Tc reduction (Icenhower et al. 2010). Iron and iron-bearing minerals
are often used to facilitate Tc reduction, given the overall reaction
(Peretyazhko et al. 2008).
Equation 23

Redox potential (Eh) is used to determine the reduction potential of a system, with lower
Eh values indicating prevalent reducing conditions (Icenhower et al. 2010; Benjamin 2015b).
Figure 18 shows an Eh/pH diagram for technetium species, with the TcO2 (IV) species
predominant at the lower Eh values and TcO4- (VII) species prevalent at higher Eh values
(Icenhower et al. 2010). The shaded box with dashed border represents pH and Eh ranges typical
of groundwater, as reported in literature (Lieser and Bauscher 1987; Cantrell et al. 1995; Gu et al.

53

1996; Liang et al. 1996; Kaplan and Serne 1998; Mattigod et al. 2001; Icenhower et al. 2010).
The boxed region partly includes a section where the TcO2·2H2O(am) species is stable, indicating
that in some natural groundwaters, conditions could support the reduced species of Tc (TcO2).

Figure 18. (Left) Eh/pH diagram for technetium species. The shaded region indicates the amorphous solid (TcO 2·2H2O
(am)) species as stable and the shaded box with dashed border represents pH and Eh values typical of groundwaters, as
reported in literature (Lieser and Bauscher 1987; Cantrell et al. 1995; Gu et al. 1996; Liang et al. 1996; Kaplan and Serne
1998; Mattigod et al. 2001; Kaplan et al. 2008; Icenhower et al. 2010). (Right) The red point represents pH (5.11 ± 0.1)
and Eh (~200 mV) values studied in this work, which fall on the redox boundary within the box representing naturally
occurring pH and Eh values.

3.1.2 Titanium-substituted Magnetite Nanoparticles
Pearce and colleagues (2012), Liu and colleagues (2012), and Pearce and colleagues
(2014) studied the properties and reducing potential of titanomagnetite (TM) (Fe3-xTixO4)
nanoparticles on Tc(VII) (Liu J. et al. 2012; Pearce et al. 2012, 2014). These titanium-doped
magnetite nanoparticles have an adjustable Fe(II)/Fe(III) ratio (dependent on x), which can be
used to control the thermodynamic reduction potential of the system (Liu J. et al. 2012). The
Fe(II)/Fe(III) ratio is adjusted by controlling how much Fe(III) is replaced by Ti(IV), thus
increasing the Fe(II)/Fe(III) ratio with the increase of Ti(IV) in the mineral. Liu et al. (2012)
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found that under reducing conditions and in the absence of titanomagnetite, aqueous Tc(VII)
reduced by 30%. However, in the presence of titanomagnetite nanoparticles, aqueous Tc(VII)
reduced by 72-100%, with higher reduction in the presence of titanomagnetite nanoparticles with
higher Fe(II)/Fe(III) ratios (Liu J. et al. 2012). This demonstrated the ability of titanomagnetite,
with an increased Fe(II)/Fe(III) ratio, to reduce aqueous Tc(VII) rapidly and more completely,
compared to reducing conditions without Fe material (Liu J. et al. 2012).

3.1.3 Technetium Kinetics
Under reducing conditions, Tc, present as Tc(IV), sorbs more readily to solids
(Icenhower et al. 2010). However, under reducing conditions, Tc(VII) reduction to Tc(IV) and Tc
sorption can be sluggish (Cui and Eriksen 1996b). Tc reduction has been shown to be aided by
Fe(III) reduction, which can be microbially-mediated or via abiotic electron transfer when Fe is
present in the solid (Burke et al. 2005; McBeth et al. 2011). McBeth and colleagues (2011) found
that Tc reduced relatively quickly (0 to 14 days) in the presence of Fe(II)-gel or bio-magnetite
and relatively slowly (0 to 50 days) in the presence of bio-siderite and bio-vivianite (McBeth et
al. 2011). Cui and Eriksen (1996) found that even under reducing conditions and in the presence
of Fe(II), Tc(VII) reduction is relatively slow, occurring on the order of days (Cui and Eriksen
1996a). Zachara and colleagues (2007) also found that Tc reduction is strongly pH dependent
and, when aided by Fe(II), occurs on the order of days (Zachara et al. 2007).
Liu and colleagues (2015) studied the reduction of Tc(VII) to Tc(IV) under reducing
conditions in the presence of three Hanford Site sediments (A, B, and C) with varying Fe content
via batch reactor and column diffusion experiments (Liu Y. et al. 2015a). In the batch reactors,
sediments, either ground or untouched, were mixed with Hanford synthetic groundwater and 10
µM TcO4- under reducing conditions (pH 8.6). In all three sediments, Tc(VII) concentrations
decreased slowly over time. Reduction occurred at an initially (first two to three days) faster rate
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for the ground sediments and the reduction rate was faster in the sediments with more HClextractable Fe(II) (A > C > B). Sediment A contained a total of five Fe phases, including
phyllosilicate or clay and pyroxene Fe(III) and pyrite Fe(II) (43%) and siderite (21%), sediment B
contained a total of three Fe phases, including phyllosilicate or clay Fe(III) (64%) and
phyllosilicate or clay Fe(II) (28%), and sediment C contained a total of eight Fe phases, including
phyllosilicate or clay, pyroxene, and sp-oxide Fe(III) (33%) and pyroxene and siderite Fe(II)
(20%) (Liu Y. et al. 2015b). Batch results were then used to estimate Tc(VII) reduction rate
constants in a Tc(VII) reductive diffusion model. The multi-rate model was used to accommodate
the multiple reactive sites in the sediments and, with estimated rate parameters, average secondorder rate constants were calculated to be 6.5E-4 µM-1·h-1 for sediment A, 5.1E-4 µM-1·h-1 for
sediment B, and 6.8E-5 µM-1·h-1 for sediment C. The higher reduction rate for sediment C was
attributed to the higher Fe(II) concentration in that sediment compared to sediment B. Thus, the
Fe(II) concentration in the solid phase is correlated to Tc(VII) reduction rate, which is in
agreement with findings from the titanomagnetite nanoparticle study, discussed above (Liu J. et
al. 2012; Liu Y. et al. 2015a).
In addition to batch reaction studies, Liu et al. (2015) studied Tc reduction and
retardation using diffusion columns, which were intact soil cores under reducing conditions (Liu
Y. et al. 2015a). The columns were saturated with Hanford synthetic groundwater, placed in tanks
containing 10 µM TcO4- and 33 mg/L Br- in synthetic groundwater, and TcO4- and Br- were
allowed to diffuse into the soil column over time. Tc(VII) diffusion profiles (averaged
concentrations as a function of distance from the bulk solution toward the center of the column)
were steeper than the conservative tracer Br-, indicating Tc(VII) diffusion was retarded in all
three sediments. In the sediments with higher Fe(II) concentration and, thus, faster reaction rates
(A > C > B), there was stronger retardation. The total Tc(IV+VII) concentrations had relatively
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steeper diffusion profiles (compared to Tc(VII)) that the authors attributed to local Tc(VII)
reduction and Tc(IV) buildup along diffusion paths. There were higher Tc(VII) concentrations,
higher Tc(IV) concentrations, and higher total Tc(IV+VII) concentrations at locations near the
bulk solution because there was longer Tc(VII) contact with Fe(II)-bearing sediments at those
locations. Bulk solution Tc(VII) concentrations decreased faster for the sediment with higher
Fe(II) concentrations and faster Tc reduction rates (A > C > B). Results from the reductive
diffusion model generally agreed with the diffusion column results. However, the model
overpredicted Tc(VII) concentrations in the bulk and pore solutions, indicating that the rate of
Tc(VII) reduction in the columns was faster than what was estimated from the batch reactors.
Upon re-fitting the data, the authors found that the fitted rate constants were larger than those
estimated from the batch reactors, again suggesting that the batch reactors under-predicted the
reduction rate of Tc(VII). The authors acknowledge that larger rate constants determined from a
transport system deviates from the general trend where reaction rates in columns were smaller
than in batch systems due to the pore-scale mass transfer effect (Liu Y. et al. 2015a).

3.1.4 Imaging Techniques
Typically, contaminant transport in porous media can only be monitored indirectly, such
as in column effluent or breakthrough at a fixed sampling port, and the mechanisms of processes
that cannot be seen or measured are inferred or assumed (Werth et al. 2010). However, noninvasive imaging techniques, such as gamma-ray detection and X-ray computed tomography
(CT), can provide insight into chemical and physical processes occurring during contaminant
transport in porous media and are being used more often as the technology becomes available and
developed in the field of contaminant hydrogeology (Werth et al. 2010).
The use of radiotracers to noninvasively and nondestructively monitor fluid flow and
transport has been demonstrated previously. For example, Grattoni and colleagues (1987) used a
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conveyer belt system to move a column relative to a NaI detector to monitor NaI tagged with
iodine-131 (131I) during transport through porous media (Grattoni et al. 1987). Grattoni et al.
(1987) found an inconsistency between the analytical and experimental results due to inconsistent
dispersion coefficient and velocity values (Grattoni et al. 1987). Erdmann (2017) and Erdmann
and colleagues (2018, in press) have developed a method for measuring activity within a soil
column from point-source gamma (ɣ)-ray emitting isotopes, including cesium-137, cobalt-60,
barium-133, and europium-152, on a one-dimensional (1D) plane using a gamma-ray detection
scanning system (Erdmann 2017; Erdmann et al. 2018). The 1D profile obtained by moving the
gamma-ray detector along the column shows the distributions of each radionuclide within the soil
column, and individual isotopes and activities can be determined (Erdmann 2017; Erdmann et al.
2018).
Corkhill and colleagues (2013) demonstrate the ability to quantitatively image 99mTc
transport through quartz sand and engineered backfill cement (Nirex Reference Vault Backfill
(NRVB)) in a 2D tank system using gamma camera imaging in real-time (Corkhill et al. 2013).
99m

Tc was spiked into a 2D tank with saturated porous media and activity was monitored at the

midpoint of the tank using a dual-headed GE Medical Systems Infinia gamma camera and a
collimator with a 6 mm spatial resolution at the face of the 2D tanks. 99mTc transport data was
modeled using a 1D convection-dispersion equation for reactive solute transport, with parameters
including retardation (R), longitudinal dispersivity (λ), and mean pore flow velocity (Vp).
Equilibrium sorption coefficients (Kd) were calculated using three methods, described in more
detail in Corkhill et al. (2013). Since Kd represents sorption under equilibrium conditions,
Corkhill et al. (2013) assumed that surface reactions occurred rapidly enough that equilibrium
conditions could be assumed. The transport of 99mTc through the quartz sand was (near)
conservative, with R values of 1.0 to 1.2, λ values of 0.90 to 1.05E-5 m, Vp of 4.2E-5 m/s, and Kd
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values ranging from 0.13 to 1.19 m3/kg, depending on the method of calculating Kd. The transport
of 99mTc through the engineered backfill cement was nearly conservative, with R values of 1.05 to
1.08, λ values of 3.3 to 3.49E-5 m, Vp of 1.65E-5 m/s, and Kd values ranging from 1.27 to 6.90
m3/kg. In the gamma images, the plume of 99mTc in the engineered backfill cement appeared more
elongate compared to the plume in quartz sand. Additionally, the tail of the 99mTc breakthrough
curve in the engineered backfill cement was longer than the tail of the 99mTc breakthrough curve
in the quartz sand. The authors attributed this behavior to lower pore velocities, high internal
porosity, and internal pore structures in the engineered backfill cement (Corkhill et al. 2013).

3.2 Motivation and Objectives
In this work, a combination of noninvasive imaging techniques, gamma-ray detection and
CT imaging, and more traditional measurement methods, measuring fractionated column effluent,
are used to assess and quantify Tc behavior and transport under reducing to oxidizing conditions
and in the presence of soil amended with titanomagnetite nanoparticles. Understanding the
behavior and transport of Tc within porous media and under reducing conditions is essential in
developing long term storage solutions. However, Tc transport and behavior in reducing zones
and in the presence of reducing materials, such as titanomagnetite nanoparticles, is not fully
understood. While Liu et al. (2012) and Liu et al. (2015) show a positive correlation between
Fe(II) content and Tc(VII) reduction rates, the concentrations of Fe(II) needed to promote Tc(VII)
reduction in a transport system are still unknown (Liu J. et al. 2012; Liu Y. et al. 2015a).
Additionally, there has been limited work on Tc(VII) reduction and transport under redox
transition conditions in the presence of titanomagnetite nanoparticles, as the previous studies only
investigated Tc reduction under reducing conditions (Liu J. et al. 2012; Liu Y. et al. 2015a).
Developing a better understanding of how Tc interacts with and transports in the presence of
reducing material, will allow for developing better Tc waste management practices.
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Because of these gaps in knowledge, particularly the incomplete understanding of
Tc(VII) reduction kinetics in the presence of varying quantities of Fe(II) and under redox
transition conditions, the overall objective of this work is to monitor Tc (99Tc and 99mTc) and
tracer transport through a column packed with soil from the Savannah River Site (SRS) in Aiken,
SC, with two reducing layers containing 1 wt% titanomagnetite and 10 wt% titanomagnetite,
respectively, under reducing and oxidizing conditions. Multiple measurement and monitoring
techniques are used, including measuring effluent, detecting in-situ gamma-ray activity with a 1D
gamma-ray scanner, and obtaining 3D images of flow within the system, to develop a more
complete understanding of Tc chemical and physical processes within a porous media column.
Specific objectives include:
1. Determine rate and transport behavior of Tc moving through a column with two reducing
layers under reducing and then oxidizing conditions.
2. Compare column effluent data to 1D gamma-ray scanning and CT imaging results to
analyze the chemical and physical processes occurring within the column.

3.3 Materials and Methods
3.3.1 Materials
The soil used in these experiments was collected from the Savannah River Site (SRS)
West Borrow Pit in Aiken, SC. The soil properties are summarized in Table 3 (Montgomery et al.
2017). Soil was sieved to 2 mm and dried in an oven at 50°C for at least 24 hours before use in
experiments. For the reduced column, the SRS soil was moved to the anoxic glove bag and
weighed out to be homogenously mixed with 1 wt% or 10 wt% titanomagnetite nanoparticles for
those respective layers. For the control column, the dried soil was packed into the column on the
benchtop. More details about the columns are below.
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Table 3. Chemical and physical properties of SRS soil
(Montgomery et al. 2017).

Property

Measurement
2

Surface Area (m /g)

14.1

pH (50/50 soil/water)

4.76

Point of zero charge

4.9

Sand/Silt/Clay (%)

66/14/20

Organic matter (%)

0.90

CEC (meq/100 g)

3.3

Acidity (meq/100 g)

2.4

CBD extractable Fe
(mg/g)

6.01 ± 0.68

CBD extractable Al (mg/g)

1.98 ± 0.20

Titanium-substituted magnetite was used in this work to increase the reducing potential
of the system due to Fe and Fe-bearing minerals 99Tc reduction potential (Zachara et al. 2007;
Peretyazhko et al. 2008; Liu J. et al. 2012; Pearce et al. 2012, 2014). Liu and colleagues (2012)
found that magnetite nanoparticles (x = 0.0) reduced about 30% of Tc(VII) and titanomagnetite
nanoparticles (x > 0.0) reduced about 72-100% of the Tc(VII), in this study, titanomagnetite
nanoparticles were used to increase the reducing potential in order to monitor Tc transport under
reducing and oxidizing conditions (Liu J. et al. 2012). The production of titanomagnetite
(titanomagnetite) (Fe3-xTixO4) nanoparticles was adapted from Liu et al. (2012), Pearce et al.
(2012), and Pearce et al. (2014). In our adaption of the production of titanomagnetite
nanoparticles, the procedure described in Liu et al. (2012), Pearce at al. (2012), and Pearce et al,
(2014) was followed closely, except for the washing step. In our nanoparticle production, the
nanoparticles were washed greater than or equal to five times with deionized water with shaking
and agitation (not ultrasonication).
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3.3.2 Oxidizing Column (Control)
A control column, packed and run under oxidizing (benchtop) conditions, was used as a
reference for additional studies performed under variable redox conditions. The column was 14.1
cm in length and packed, from bottom to top, with SRS soil (Figure 19). The column was packed
in 2.5 cm lifts with SRS soil with 12.5% water content. Each 2.5 cm lift was packed down and the
surface was scratched to minimize the effects of layering between lifts. The column had a pore
volume of 78.5 mL. The column was saturated with 0.01 M NaCl solution from the bottom inlet.
During the experiment, 0.8 displaced pore volumes (63.38 mL) of 0.1 M NaCl solution was
injected into the column for a NaCl tracer test. Then 1.0 displaced pore volume (78.47 mL) of
99

Tc (412 Bq/mL) in 0.01 M NaCl solution was injected into the column, after which the influent

was switched back to 0.01 M NaCl for the remainder of the experiment. All solutions used were
prepared on the benchtop and were, thus, oxygenated. Effluent was collected in fractions to
measure fluid electrical conductivity (VWR Scientific, model 604) and 99Tc activity by Liquid
Scintillation Counting (LSC) to produce breakthrough curves for NaCl and 99Tc. Both 99Tc and
NaCl are expected to behave conservatively or near conservatively under oxidizing conditions
within the SRS soil.
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Figure 19. Control column, packed with 14.1 cm of SRS soil.

3.3.3 Variable Redox Column
A column of 7 cm in length was packed by varying layers of regular SRS soil and soil
amended with titanomagentite layers, consisting of (from bottom to top): 2 cm of SRS soil, 0.5
cm of SRS soil amended with 1 wt% titanomagnetite, 2 cm of SRS soil, 0.5 cm of SRS soil
amended with 10 wt% titanomagnetite, and 2 cm of SRS soil. The total pore volume of the
column was 28.7 mL and the porosity was 0.36. The column was packed under reducing
conditions in an anoxic glove box (2% H2, 98% N2, <2 ppm O2) to ensure that reducing
conditions were maintained in the system prior to initiation of the experiment (Figure 20). The
1% titanomagnetite layer is below the 10% titanomagnetite layer so the Tc will transport from
less reducing (1% titanomagnetite) to more reducing (10% titanomagnetite) zones with
nonreactive zones (SRS soil) before and after each reducing zone.
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Figure 20. Column, packed with layers of SRS soil and SRS soil amended with 1 wt% and 10 wt% titanomagnetite
nanoparticles, saturated in an anoxic glove bag.

The amended column was saturated in the glove box with deoxygenated 0.01 M sodium
chloride (NaCl) solution and then moved to atmospheric conditions while keeping the system
(column, tubing, and influent solutions) as anoxic as possible (Figure 21). To keep the system
anoxic on the benchtop, solutions were stored in a VWR glass bottle vial with a plastic two-port
cap. One port on the cap was connected to the column influent port via tubing; the inlet to this
tubing was submerged to the bottom of the solution bottle to minimize the effects of any oxygen
contamination into the headspace of the container. The other port was open to the headspace of
the solution container and equipped with tubing connected to an oxygen scrubber (Figure 22)
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used to maintain atmospheric pressure conditions and avoid the formation of a vacuum in the
solution bottle. The oxygen scrubber consisted of a second glass bottom vial that was filled with
“oxygen absorber” packets (Oxy-Sorb Oxygen Absorbers for Food Storage, 100cc, 100-pack,
made of powdered iron oxide). The tubing connected to the solution vial was extended from the
port on the top of the container to the bottom of the bottle, beneath the packets. The second port
on the second bottle was equipped with a filter and allowed for pressure equilibration in the
bottle. This two-port, two-bottle system allows for pressure equilibration in the headspace that is
as anoxic as possible. The anoxic and reducing capabilities of the system were measured using a
redox electrode probe (Orion Sure-Flow Combination Redox Electrode) in a flow-through cell
connected to the effluent tubing and a datalogger (Figure 23).
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Figure 21. Image of the anoxic benchtop setup.

Figure 23. Redox electrode in a flow-through cell on the
effluent line.

Figure 22. Two-port, two-bottle anoxic influent system.
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The column was injected with 39.3 mL of deoxygenated 0.1 M NaCl solution (pH 5.11 ±
0.1) spiked with 99Tc and 99mTc. This solution was prepared by adding 0.1 mL 99Tc stock solution
to 42.3 mL of 0.1M NaCl in deionized H2O to make 180 ug/L (or 4673.3 Bq, or 0.00013 mCi) of
99

Tc solution, prepared in an anoxic glove box. One milliliter of 11.29 mCi 99mTc (at 9:00am

10/16/2017, 4.18E8 Bq) was added to the anoxic 99Tc solution on the benchtop with nitrogen (N2)
gas flushing the work space, and the syringe was flushed three times with the Tc injection
solution. All deoxygenated solutions were deoxygenated by being placed under vacuum for at
least 60 minutes and quickly transferred to and stored in the anoxic glove box until use. All
influent solutions were made with deionized water and pH adjusted to ~5.0 (± 0.1), roughly the
pH of the SRS soil, before being pumped into the column. When influent solutions needed to be
switched, the tubing was pinched and the cap was switched to the other solution, being careful to
remove and replace caps quickly.
All flow through the column was from bottom to top. 39.3 mL (1.2 DPV) of the anoxic
solution containing 99Tc and 99mTc in 0.1 M NaCl was pumped into the column, at a rate of 0.3
mL/minute. After the 99Tc and 99mTc injection (39.3 mL, 1.2 DPV) and 8 displaced pore volumes
(DPVs) (235 mL, 12.2 hours) of anoxic flow were eluted through the column, the system was
switch to oxidizing conditions by replacing the influent solution to a 0.01 M NaCl solution
prepared on the benchtop, i.e., containing oxygen. After an additional 25 displaced pore volumes
(710 mL, 39.7 hours) under oxidizing conditions, 34.4 mL of a solution containing 0.034 ug/L
(274631 Bq, or 0.0074 mCi) of 22Na in 0.01 M NaCl was pumped into the column. 22Na transport
through the column was monitored with the BGO detector and effluent was collected for
measurement of 22Na on the LSC. After 128 DPV of 0.01 M NaCl flushed through the column,
including a stop flow event, the flow rate was slowed to 0.2 mL/min and two pore volumes of a 1
M NaI solution, a conservative tracer, was spiked into the column for imaging the flow on the
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CT, followed by 5.5 displaced pore volumes of 0.01 M NaCl through the column. All influent
solutions, with concentrations, activities, flow rate, and displaced pore volumes are summarized
in Table 4.
Table 4. Overview of Redox Transport Experiment

DPV

Flow
Rate
(mL/min)

Influent
Solution

Concentration

Activity

Phase 1: Reduced Conditions
0.3

0.01 M NaCl

0-1.2

0.3

99

Deoxygenated

Saturation

0.01 M

Tc & 99mTc 99Tc:
influent
180 µg/L or
solution
102 Bq/mL

0.3

0.01 M NaCl

99

Tc:

4462.6 Bq or
1.2E-4 mCi

99m

99m

2.14E-3 µg/L
or 9.63E6
Bq/mL

4.18E8 Bq or
11.29 mCi

0.01 M

N/A

Tc:

1.2-8.2

N/A

Tc:

Oxygenated

Phase 2: Transition from Reduced to Oxidized Conditions
8.2-33.5

0.3

0.01 M NaCl

0.01 M

N/A

33.5-34.5

0.3

22

0.34 µg/L or
6378.5 Bq/mL

274631 Bq or
0.0074 mCi

34.5-48.3

0.3

0.01 M NaCl

0.01 M

N/A

0.01 M

N/A

Na

Stopped Flow for 365 Hours (15 Days)
48.3-162.5

0.3

0.01 M NaCl

Phase 3: CT Imaging on Iodide Transport
162.5-165.1

0.2

1 M NaI

1M

N/A

165.1-170.6
(end)

0.2

0.01 M NaCl

0.01 M

N/A

Effluent fractions were collected and measured for 99Tc and 22Na activity. These samples
were analyzed using liquid scintillation counting (LSC) (Perkin Elmer Tricarb 4200 LSC). Four
mL of LSC cocktail was added to one mL of sample and shaken before counting. Effluent results
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were used to compare to results obtained from the 1D gamma-ray scanner and CT imaging. Eh
was also measured along the effluent line via a redox electrode probe (Orion Sure-Flow
Combination Redox Electrode) in a flow-through cell connected to the effluent tubing and a
datalogger.
Given that the decay of 22Na and 99Tc emits over a spectrum of different energies with
overlapping spectra, simultaneous detection of these isotopes by LSC is not straightforward. Here
we use a 22Na counting efficiency to distinguish 99Tc activity from 22Na activity and use this to
correct the measured concentrations in the effluent samples. To determine the 22Na efficiency (ε),
a solution with a known activity of 22Na and a separate solution with a known activity of 99Tc are
measured on the LSC and the spectra are compared determine which energy ranges contain
exclusively responses generated by 22Na versus those overlapping with 99Tc. The counts in the
22

Na energy window containing 22Na energy only (channels 251-500) are divided by the total

22

Na counts to get the efficiency. The efficiency is then used to determine how much of the

measured activity is from the 22Na and how much is from the 99Tc in the sample. This was done
by dividing the counts per minute (CPM) in the 251-500 energy channels (just 22Na) by the
efficiency to get the total 22Na CPM. That number was multiplied by 1-ε to get 22Na CPM in the
0-250 channels, which was subtracted from the total CPM in 0-250 to get the total 99Tc CPM. The
exact 22Na efficiency is not known, though we do know the efficiency is in the 0.36-0.42 range.
To make matters more complicated, the concentration of 22Na in the system, 6378.5 Bq/mL, far
exceeds the concentration of 99Tc in the system, 102 Bq/mL, making the Tc/Na differentiation
calculations sensitive to the efficiency number (Table 5). The 22Na efficiency used in the
calculations, 0.362, was determined using the known efficiency range and optimizing the Tc and
Na mass balances.
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Table 5. 22Na Efficiencies and Column Mass Balances

Na
Efficiency

% Tc Mass
Balance

% Na Mass
Balance

0.42

998.71%

92.57%

0.41

861.02%

94.83%

0.40

716.44%

97.20%

0.39

564.44%

99.69%

0.38

404.44%

102.32%

0.37

235.80%

105.08%

0.362

94.18%

107.40%

0.36

57.79%

108.00%

3.3.4 1D Gamma-ray Scanner
Gamma-rays are electromagnetic photons that are uncharged and not affected by
magnetic or electrical fields (Werth et al. 2010). Gamma-ray detection method is based on
gamma-ray attenuation by materials, such as air, water, plastic, and lead, through photoelectric
absorption (Werth et al. 2010). Gamma-ray detectors can only measure gamma-emitting isotopes,
such as 99mTc. 99mTc, a radioisotope used in medical imaging, is used as a chemical analogue for
99

Tc. 99mTc has a short half-life of 6 hours and is a gamma-emitting isotope with a gamma-ray

energy of 140 kiloelectron volts (keV), which can be detected using gamma-ray detectors
(Vandehey et al. 2012; Alexander 2016; Dogan et al. 2017).
In this study, a collimated high-resolution gamma-ray spectroscopy system, described in
Erdmann et al. (2017) and Erdmann et al. (2018, in press), was used to measure one-dimensional
(1D) 99mTc and 22Na activity distributions in the column noninvasively (Erdmann 2017; Erdmann
et al. 2018). The 1D gamma-ray scanner system is designed to hold a gamma-ray detector
stationary relative to the object being measured as that object is moved vertically. The system was
equipped with a Bismuth germanate (BGO) detector and a step-motor (Velmex VXM) to control
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the vertical position of the column relative to the detector (Erdmann 2017; Erdmann et al. 2018).
The detector was surrounded by lead for shielding and had a slit collimator with a spatial aperture
of 0.115 cm (Figure 24 and Figure 25). The detector was calibrated using a small volume of the
99m

Tc and 99Tc spike solution set up with the same geometry as the column.

Figure 24. Schematic of the 1D gamma-ray scanning system.
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Figure 25. Column set up on the 1D scanner in front of the 0.115 cm slit collimator. Light shines through the 0.115 cm
slit to show to collimator field of view.

The column was placed on the moveable platform on the 1D scanning system and
directly in front of the BGO detector, lead shielding, and collimator. During flow, the BGO
detector measured activity within the column. The BGO detector and 1D scanning system were
programmed to measure activity at the same four points along the column for three minutes at
each of the four locations along the column on a continuous loop. The four measurement
locations were: 1) midpoint of first (bottom) SRS soil layer, at 1 cm above bottom of the column,
2) midpoint of 1% titanomagnetite layer, at 2.25 cm above bottom of the column, 3) midpoint of
middle SRS soil layer, at 3.50 cm above bottom of the column, and 4) midpoint of 10%
titanomagnetite layer, at 4.75 cm above bottom of the column (Figure 26). For a few brief periods
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during the experiment, this four-point continuous measurement was paused to take a full profile
scan of the column.

Figure 26. Picture of packed column, with labels of titanomagnetite layers and the four detection measurement points.

3.3.5 NaI and CT Imaging
X-ray computed tomography (CT), often used in medical imaging, is a method of taking
3D images of bodies or objects (Werth et al. 2010). A CT image or scan is obtained by directing
X-ray beams at a subject and measuring the attenuating X-rays via rotating detectors (Werth et al.
2010). The CT system maps the differential absorption of the X-rays as they pass through or
attenuate from an object, spatially and over time (Werth et al. 2010).
Near the end of the experiment two column volumes of 1 M sodium iodide (NaI) was
injected into the column while simultaneously collecting X-ray computed tomography (CT)
images (VECTor4CT instrument, MILabs). The CT scans were taken periodically over 12 hours
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in order to image and monitor the three-dimensional migration of the iodide (a CT contrast agent)
in the column. The column was inserted into the CT vertically and images were acquired
continuously prior to, during, and after the NaI injection.
The CT images were processed by calculating the differences in CT intensity (I) before
the NaI spike and the results observed during the experiment over time. The areas measured were
3D cylindrical areas with the radius of the column and the height of 100 pixels (with a voxel
resolution of 80 cubic microns), equivalent to the thickness of the 10% titanomagnetite layer.
Each measured area was centered at the midpoint of each of the four points measured by the 1D
gamma-ray scanner: bottom soil layer, 1% titanomagnetite layer, middle soil layer, and 10%
titanomagnetite layer. Smaller areas were also measured, which were cylinders with the same
radius as the column, but with a height of three pixels to simulate a higher resolution sensor.
Since the area of these thin cylinders were much smaller, they were considered to be “slices.” For
the calculation, the intensity during initial conditions (I0) was subtracted from the intensity at time
t (It):

Equation 24

to get the difference in intensity (Idiff) for each pixel in the area of interest. Then, the Idiff in the
area of interest were average to yield one Idiff value for that area at that time. This was done at
each of the four measured points along the column for both the 3D cylindrical and slice areas, and
for CT images taken at various times throughout the experiment. This calculation was done more
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frequently at the earlier times during the experiment to get high resolutions of the breakthroughs
for each of the four measured areas.

3.4 Results
3.4.1 Oxidizing Column (Control)
99

Tc and NaCl effluent results, represented by red and black symbols, respectively, in

Figure 27, demonstrate near simultaneous and near conservative transport of 99Tc and NaCl, with
a 99Tc mass balance of 97%. The initial breakthroughs of 99Tc and NaCl arrive at the same time,
at about 0.8 DPV. The peaks of the normalized conductivity of NaCl and concentration of 99Tc
occur almost simultaneously at 1.6 and 1.7 DPV, respectively, and peak at 0.85 C/C0.
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Figure 27. 99Tc and NaCl transport through SRS soil under oxidizing conditions. Normalized concentration of 99Tc and
normalized conductivity, measured in the column effluent, over displaced pore volumes (DPV) from the column with SRS
soil under oxidizing (benchtop) conditions. Normalized conductivity is on the secondary axis.

3.4.2 Variable Redox Column
Figure 28 shows the Eh (mV), 99Tc and 22Na concentrations (normalized by concentration
of the influent solution containing the 99Tc or 22Na spike) measured in the effluent during Phase 1
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and 2 of the experiment as a function of displaced pore volumes (DPV). The 99Tc injected in the
column at the beginning of Phase 1 is released from the column in two episodes. The first occurs
shortly after the injection of the 99Tc spike and reflects a small fraction of the injected mass of Tc
that remained mobile and migrated through the column despite the reducing conditions. The
second release, which is much later and larger, coincides with the breakthrough of the 22Na spike
during Phase 2 and occurs much later (~27 DPV) after the influent was switched to the oxygenrich solution.
The Eh of the effluent was initially 200 mV, peaked to around 250 mV at 5 DPV, and
dropped to about 210 mV at 10 DPV. The Eh then steadied around 210 mV with the exception of
a few notable deviations, e.g., where the Eh drops to 198 mV around 33.8 DPV and recovers to
215 mV within about one DPV. After the stop-flow event at 48.3 DPVs, the Eh became more
variable after the pump was restarted but remained below 200 mV until the end of the
experiment. Considering the Eh values of the influent solutions, which were 157.5 mV for the
deoxygenated 0.01M NaCl solution and 691.6 mV for the oxygenated 0.01M NaCl solution, the
Eh measured in the column effluent was relatively steady and relatively reducing.
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Figure 28. 99Tc and 22Na transport through column with reducing layers. Normalized concentration of 99Tc and
22

Na, measured in the column effluent, over displaced pore volume (DPV) throughout the entire
experiment. Eh (mV) is shown (green) with values on the secondary y-axis, over DPV, throughout the entire
experiment. Overall, there was a 94% mass balance for 99Tc and 107% mass balance for 22Na. The blue
line represents when oxygen was introduced into the system, which appeared to have little to no effect on
99
Tc mobility. The yellow line represents when the pump was stopped and restarted, from a stop-flow event.
(*Note: error bars not included).

Phase 1: Reducing Conditions
The initial breakthrough of 99Tc occurred after only 0.4 DPV (Figure 29), which is earlier
than for the control column. The peak of the initial pulse arrived after 1.4 DPV, which is also
earlier than the peak for the control column that occurred after 1.8 DPV. These early arrivals
suggest that the velocity is higher in this column compared to the control case, which may be a
result of either a lower porosity (i.e., denser packing) for this soil or the occurrence of preferential
flow. It is notable that after about 2 DPV of flow, the slope of the Eh response increases sharply
toward more oxidizing conditions for about 0.7 DPV. After this time, the Eh stabilized and
steadied during the tail of the Tc breakthrough curve. However, only 28% of the 99Tc mass

77

injected was eluted in this pulse, indicating that the remaining 66% was immobilized within the
column thereby suggesting that this 99Tc remained reduced.
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Figure 29. 99Tc and 22Na transport through column with reducing layers. Normalized concentration of 99Tc,

measured in the effluent, during the first 10 DPVs. Initial breakthrough of 99Tc (red), with a 28% mass
balance. The blue line represents when oxygen was introduced into the system, which appeared to have
little to no effect on 99Tc mobility.

The profile of the decay-corrected 99mTc activity in the column measured by gamma
spectroscopy after 16.7 DPV (Figure 30), i.e., 24.7 hours after initiation of the experiment,
supports the finding that much of the Tc is retained within the column by the soil layers amended
with titanomagentite, i.e., in reducing zones. While there is minimal 99mTc activity in the bottom
soil layer (0-2 cm) with activity just above the minimum detectable activity (MDA), there is a
sharp increase to 1.89E8 Bq throughout the 1% titanomagnetite layer (2-2.5 cm ±0.25 cm). The
activity then drops to just above MDA throughout the middle soil layer (2.5-4.5 cm). At the
bottom edge of the 10% titanomagnetite layer (4.5-5 cm ±0.25 cm), the activity sharply increases
to 6.82E8 Bq and slowly decreases throughout the thickness of the layer. The activity returns to
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just above MDA conditions in the top soil layer (5-7 cm). An error of ±0.25 cm is added to the
1% and 10% titanomagnetite layers to account for uneven layers. It is therefore clear from this
data that the titanomagnetite layers are the zones where the majority of 99mTc is being captured
and retained in the column.

Figure 30. Full profile scan along the length of the column showing decay corrected activity (Bq) of 99mTc remaining
within the column 16.7 DPV after initial Tc spike. 1% and 10% titanomagnetite layers are shown in dark gray, with
±0.25 cm errors in light gray, to account for uneven packing. Minimum detectable activity (MDA) is shown as the black
line.

Gamma spectroscopy was also used to monitor changes in the 99mTc activity over time at
four locations along the column (Figure 31): 1) midpoint of the bottom soil layer, 2) midpoint of
the 1% titanomagnetite layer, 3) midpoint of the middle soil layer, and 4) midpoint of the 10%
titanomagnetite layer. The behavior of the 99mTc in the two soil layers, i.e., layer #1 and #3, is
generally consistent in timing and shape with the effluent data, whereas the behavior observed in
the titanomagnetite amended soils, i.e., layer #2 and #4, is highly complicated.
Interestingly, the 99mTc appeared to behave similarly in both the 1% and 10%
titanomagnetite layers, initially (0-3 DPVs). In both the 1% and 10% titanomagnetite layers, Tc
activity steadily increased to 1.1E8 Bq (at 0.6 DPV for 1% titanomagnetite layer and 1.1 DPV for
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10% titanomagnetite layer), dropped slightly to about 7.5E7 Bq (at 0.8 DPV for 1%
titanomagnetite layer and 1.4 DPV for 10% titanomagnetite layer), and then increased to about
1.0E8 Bq where it steadied until about 3 DPV. However, after 3 DPV, the behavior of 99mTc in
the two titanomagnetite layers deviated. In the 1% titanomagnetite layer, 99mTc activity increased
to about 1.8E8 Bq at 4 DPV. After 4 DPV, the 99mTc activity in the 1% titanomagnetite layer
remained relatively constant, increasing only to 1.88E8 Bq by 12 DPV. After 3 DPV, 99mTc
activity in the 10% titanomagnetite layer increased to about 2.0E8 Bq at 5 DPV, after which, the
activity increased steadily to 2.56E8 Bq at 12 DPV.
The plateaued 99mTc activity in the 1% titanomagnetite layer suggests that the maximum
Tc reduction capacity of that layer was met, i.e., all or nearly all sorption sites were taken, after
about 4 DPV. However, the gradual and steady increase in 99mTc activity in the 10%
titanomagnetite layer suggests that the maximum Tc reduction capacity of that layer was not met
by 12 DPV. This indicates that the 10% titanomagnetite layer had a much higher Tc reducing
capacity compared to the 1% titanomagnetite layer and not all Tc sorption sites were taken at that
time.
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Figure 31. 99mTc transport through four layers in the column. Decay corrected activity (Bq) of 99mTc at four points
along the column over DPV. Light blue line represents the introduction of oxygen into the system. Black line represents
the minimum detectable activity (MDA). The four measured points include: (1) midpoint of the bottom soil layer (blue),
(2) midpoint of the 1% titanomagnetite layer (orange), (3) midpoint of the middle soil layer (gray), and (4) midpoint of
the 10% titanomagnetite layer (yellow).

Phase 2: Reducing to Oxidizing Conditions
The introduction of oxygen into the system after 8 DPV (blue line), appeared to have
little to no immediate effect on Tc mobility as the concentrations in the effluent (Figure 28)
continued to be zero or below the detection limit for an extended period of time and the behavior
of the 99mTc activity measured by the gamma scanner did not change in any significant way
between 8-12 DPV (Figure 31); note that gamma scanner data is not available beyond 12 DPV. In
contrast, the portion of 99Tc that was retained by the amended layers in the column was first
observed in the effluent about one pore volume after the injection of the 22Na at 33.5 DPV, which
is just slightly later (~0.5 DPV) than the breakthrough of the 22Na, which occurred about 1 DPV
after injection of this 22Na spike. The breakthrough curves for both isotopes are similar and span
approximately 6 DPV, which is a much longer duration that would occur for conservative

81

transport in a homogeneous medium (e.g., Figure 27). The 22Na arrived about 1 DPV after the
22

Na injection into the column and had a mass balance of 107%. The mass balance of the

secondary 99Tc breakthrough was ~66%, which completed the 94% 99Tc mass balance.
Figure 32 shows the measured Eh (mV), 99Tc normalized concentration, and 22Na
normalized concentration measured in the effluent over 30-60 DPVs, which includes the 22Na
breakthrough and secondary 99Tc release. The 22Na release peak is lower, at 0.4 C/C0, and wider,
ranging from 34 to 40 DPVs, than what is expected of a conservative tracer. A near conservative
tracer, seen in Figure 27, typically peaks around 0.8 to 1.0 C/C0 and has a width of about 3 DPVs
if 1 pore volume was spiked. The 99Tc release that occurred between 34 and 45 DPVs is the
second release of Tc from this system. The remaining Tc in the column was released at this
delayed time, which completed the 99Tc mass balance, which includes the negative data points.
There are some negative data points for the 99Tc in the second release due to the calculations to
differentiate the 99Tc and 22Na in the effluent. Despite the negative data points, the overall shape
of the 99Tc release is still visible and the mass balance is 94%. The breakthrough peaked at 0.6
C/C0 and the shape of the curve is somewhat sharp at the peak and the tail is longer compared to
the conservative behavior of Tc under oxidizing conditions (Figure 27). The Eh at this time did
not change drastically.
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Figure 32. 99Tc and 22Na transport through column with reducing layers. Normalized concentration of 99Tc and 22Na,
measured in the effluent, between 30 and 60 DPVs. Breakthrough of 22Na (gray) had a 107% mass balance. Secondary
breakthrough of 99Tc (red) occurred at roughly the same time as the 22Na breakthrough, the mass balance of which
made up the remaining 66% of the 99Tc.

3.4.3 NaI and CT Imaging
Figure 33 shows the CT images taken of the column as two column volumes of NaI were
pumped through under oxidizing conditions. An uneven wetting front, at 0.6 and 3.4 DPVs,
shows a preferential flow path on the right side of the column. This uneven wetting front and
preferential flow path were a possible reason for an early breakthrough of 99Tc (effluent),
breakthroughs that arrived at the same time in the 1D scanner four-point measurements and could
explain why the 22Na appeared to behave non-conservatively in the effluent data.
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Figure 33. CT images of NaI through the column under oxidizing conditions.

Figure 34 shows the difference in intensity, measured on the CT, between initial
conditions and conditions over time in 3D cylindrical areas at the midpoint of each of the four
locations measured with the 1D gamma-ray scanner (1) bottom soil layer, 2) 1% titanomagnetite
layer, 3) middle soil layer, 4) 10% titanomagnetite layer). The intensity is a measurement of NaI
concentration moving through the system, measured via CT. The NaI broke through first in the
bottom soil layer, second in the 1% titanomagnetite layer, third in the middle soil layer, and
fourth in the 10% titanomagnetite layer. The intensity difference in all four areas plateaued
around 1.2E-1 I-I0, and the highest intensity occurred in the 1% titanomagnetite and middle soil
layers. The peak was plateaued because two pore volumes of 1 M NaI was spiked into the
column.
The breakthrough started to tail down when the influent solution was switched back to
0.01 M NaCl and the tails appeared to steadily decrease. At around 3.7 DPV, there was a problem
with the CT computer (ran out of storage space), so the CT was restarted. Thus, there was a gap
in data and the last portion of the tail appears higher due to losing the CT calibration when the CT
was restarted.
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Figure 34. CT results of intensity difference (I-I0) in 3D cylindrical areas within the column. Averaged difference in
intensity (I) between initial conditions (I0) and conditions over time (DPV). The area measured is a 3D cylindrical
area, with a thickness equal to the thickness of the 10% titanomagnetite layer, at the midpoint of each layer measured
by the 1D gamma-ray scanner (bottom soil layer, 1% titanomagnetite layer, middle soil layer, and 10%
titanomagnetite layer).

Figure 35 shows the difference in intensity (from NaI) normalized to the maximum
intensity difference over time in 3D cylindrical areas at the midpoint of each of the four
measurement locations. The NaI breakthroughs arrived in order, as expected, with the first
breakthrough in the bottom soil layer and the last breakthrough in the 10% titanomagnetite layer.
Normalized intensity peaked just prior to switching the influent solution back to 0.01 M NaCl.
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Figure 35. CT results of normalized intensity (I) difference (I-I0/Imax) in 3D cylindrical areas within the column.
Averaged difference in intensity (I) between initial conditions (I0) and conditions, normalized to maximum intensity,
over time (DPV). The area measured is a 3D cylindrical area, with a thickness equal to the thickness of the 10%
titanomagnetite layer, at the midpoint of each zone (bottom soil layer, 1% titanomagnetite layer, middle soil layer, and
10% titanomagnetite layer).

Figure 36 shows the difference in intensity, measured on the CT, between initial
conditions and conditions over time in a three-pixel thick cylindrical “slice” at the midpoint of
each of the four measurement locations. Breakthroughs arrived in order of location, with NaI
breaking through in the bottom soil layer first and 10% titanomagnetite layer last. The 1%
titanomagnetite layer had the highest intensity difference of the four layers. The bottom soil layer
peak plateaued earliest and lower than the other layers.
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Figure 36. CT results of intensity difference (I-I0) in 3D cylindrical areas within the column. Averaged difference in
intensity (I) between initial conditions (I0) and conditions over time (DPV). The area measured is a 3D cylindrical
area, with a thickness equal to three pixels, at the midpoint of each zone (bottom soil layer, 1% titanomagnetite layer,
middle soil layer, and 10% titanomagnetite layer).

Figure 37 shows the difference in intensity normalized to the maximum intensity
difference over time in a three-pixel thick cylindrical “slice” at the midpoint of each of the four
measurement locations. The NaI breakthroughs arrived in order, as expected, with the first
breakthrough in the bottom soil layer and the last breakthrough in the 10% titanomagnetite layer.
Normalized intensity peaked just prior to switching the influent solution back to 0.01 M NaCl.
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Figure 37. CT results of normalized intensity (I) difference (I-I0/Imax) in 3D cylindrical areas within the column.
Averaged difference in intensity (I) between initial conditions (I0) and conditions, normalized to maximum intensity,
over time (DPV). The area measured is a 3D cylindrical area, with a thickness equal to three pixels, at the midpoint of
each zone (bottom soil layer, 1% titanomagnetite layer, middle soil layer, and 10% titanomagnetite layer).

3.5 Discussion
3.5.1 1D Model
A model used to fit the 1D effluent data was adapted from a simple, 1D equation for the
instantaneous release for a constant dispersivity, from Fjeld and colleagues (2007):

Equation 25

where C1(x,t) = aqueous phase contaminant concentration, S0 = initial mass of contaminant, n =
porosity, A = cross sectional area of the column, αL = longitudinal dispersivity, u = flow velocity
due to advection, R = retardation factor, and k = degradation term (no degradation, k = 0 in this
case) (Fjeld et al. 2007).
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3.5.2 Oxidizing Column (Control)
1D model parameters used to fit the oxidizing column (control) results are summarized in
Table 6. The model fit to the effluent 99Tc and NaCl data, shown in Figure 38, indicate there is
minimal retardation of 99Tc and no retardation of NaCl, with R values of 1.2 and 1.0, respectively,
which is in the expected range of retardation values for conservative or near conservative tracers.
This behavior is consistent with near conservative transport of 99Tc, which has been observed
previously and is supported by other works (Gu et al. 1996; Liang et al. 1996; Ashworth and
Shaw 2005; Icenhower et al. 2010; Corkhill et al. 2013).
Table 6. Parameter values for 1D model fits to data from 99Tc and
NaCl transport through SRS soil under oxidizing conditions (control
column)

Parameter

99

Flow (m3/min)

1.31E-6

1.04E-6

Porosity

0.48

0.48

Tc

NaCl

Dynamic dispersivity (m) 0.008

0.008

Retardation

1.0

1.2
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Figure 38. Data and 1D model of 99Tc and NaCl transport, shown as normalized concentration over displaced pore
volumes (DPV) from the column with SRS soil under oxidizing conditions. Black line represents the model fit to NaCl
data, red line represents model fit to 99Tc data, black points represent NaCl data, and red points represent 99Tc data.

3.5.3 Variable Redox Column
The 28% mass balance of the initial Tc breakthrough indicates that there was partial
reduction and immobilization of Tc within the column under reducing conditions. This suggests
that there was rapid Tc reduction within the first 2 DPVs (~3 hours) of the reaction, which is
much faster than the rate of reduction determined from batch reactors reported previously in this
work (chapter 2) and in literature (Cui and Eriksen 1996a; Zachara et al. 2007; Peretyazhko et al.
2008). However, the faster rate of reduction in a flow through column is consistent with findings
reported by Liu et al. (2015) in which Tc reduction occurred faster in diffusion columns
compared to Tc reduction in batch reactors (Liu Y. et al. 2015a).
The delayed second breakthrough of the remaining ~66% Tc at 34 DPVs, 26 DPVs (~40
hours) after the introduction of oxygen into the system, suggests that the residual Tc remained
reduced and immobilized longer than expected, based on re-oxidation rates of Tc reported
previously in this work (chapter 2). The eventual return of 94% of the Tc indicates that the Tc
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was not permanently incorporated into the crystal structure of the titanomagnetite nanoparticles,
suggesting that the Tc was sorbed to the solids.
The variations in Eh throughout the experiment, with Eh shifting from 200 mV to 250
mV, and steading around 210 mV, with a notable shift between 198 and 215 mV, are potentially
important. These fluctuations are significant given that 200 mV at a pH of 5 is directly on the
border between the stability regions for Tc(VII)O4- and Tc(IV)O2 in the Eh/pH diagram (Figure
18).
Because 22Na is nonreactive and the solution was made using the oxygenated 0.01M
NaCl background solution used in the column, there is no chemical explanation for the
nonconservative behavior of 22Na in the effluent measurements. Therefore, a physical process
likely explains this behavior. It is likely simply timing and Tc kinetics within titanomagnetite
systems that explains this delayed Tc release. In kinetic batch experiments reported previously,
over 75% of Tc desorbed from solids, in a reducing to oxidizing system, 48 hours and later, after
the introduction of oxygen in the system. In this column with reducing layers, the secondary Tc
release occurred at 35 DPVs, or about 54.5 hours, after the start of the experiment, and 27 DPVs,
or about 42.3 hours, after the introduction of oxygen into the system. Thus, the timing of the
secondary Tc release is consistent with Tc desorption in kinetic batch experiments and the arrival
with the 22Na is potentially coincidental.
Figure 39 and Figure 40 show a plot of models fit to data from 99Tc effluent and Table 7
shows the parameters for the model fits. The model does not fit the data in the slightest, likely
because the there was some Tc breakthrough initially and then some Tc immobility within the
column for an extended time, which came out in the effluent much later. However, the simple 1D
model equation does not account for this behavior, so this model does not represent the Tc
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behavior in this reducing to oxidizing system with two layers of soil amended with
titanomagnetite nanoparticles.
Redox heterogeneity within the column can be inferred based on the data and results. The
delayed second 99Tc effluent release, Eh measurements, and 1D gamma-ray scanner results
suggest that the titanomagnetite layers were reducing zones within the column. The delayed
effluent release of 99Tc, several displaced pore volumes after the introduction of oxygen into the
system, indicates there was partial reduction and sorption of 99Tc within the column up until the
second release of Tc. The Eh measurements of the effluent (in-line) did not vary widely outside
of the 200-255 mV range, which was well below the Eh of the oxygenated 0.01M NaCl influent
solution (691.6 mV) and above the Eh of the deoxygenated 0.01M NaCl influent solution (157.5
mV). The oxygenated influent solution, with an Eh of 691.6 mV, was pumped into the column
and partially reduced within the column enough such that the effluent Eh was measured to be in
the 200-255 mV range. This also suggests that there were reducing conditions within the column.
The 1D gamma-ray scanner results showed that 99mTc transported through the soil layers
relatively quickly and with minimal sorption. However, the 99mTc activity was higher in the 1 and
10 wt% titanomagnetite layers, revealing that the partial reduction and sorption of Tc within the
column occurred almost entirely within the two titanomagnetite layers, suggesting that the
titanomagnetite layers were the partially reducing zones within the column. The 1D model does
not fit the column effluent data well because the redox heterogeneity within the column is not
accounted for in the simple model (Figure 39 and Figure 40) because that model assumes
homogeneity. In this system, retardation is not the only variable that is controlling the system.
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Figure 39. Data and 1D model of 99Tc transport, shown as normalized concentration over displaced pore volumes (070). Black line represents the model fit to NaCl through a column packed with SRS soil under oxidizing conditions.
Pink dashed line represents model fit to 99Tc through column packed with SRS soil under oxidizing conditions. Red line
represents model fit to 99Tc through column packed with SRS soil and titanomagnetite amended soil layers (1% and
10%) under anoxic (reducing) to oxidizing conditions. Red points represent data of 99Tc through column packed with
SRS soil and titanomagnetite amended soil layers (1% and 10%) under anoxic (reducing) to oxidizing conditions.

Figure 40. Data and 1D model of 99Tc transport, shown as normalized concentration over displaced pore volumes (05). Black line represents the model fit to NaCl through a column packed with SRS soil under oxidizing conditions. Pink
dashed line represents model fit to 99Tc through column packed with SRS soil under oxidizing conditions. Red line
represents model fit to 99Tc through column packed with SRS soil and titanomagnetite amended soil layers (1% and
10%) under anoxic (reducing) to oxidizing conditions. Red points represent data of 99Tc through column packed with
SRS soil and titanomagnetite amended soil layers (1% and 10%) under anoxic (reducing) to oxidizing conditions.
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Table 7. Parameter values for model fits to data from anoxic and oxic column
data

Parameter

NaCl, oxic

3

Flow (m /min)

99

Tc, oxic

Tc, anoxic

3.27E-7

Porosity

0.36

Dynamic
dispersivity (m)

0.008

Pore volume (m3)
Retardation

99

2.8716E-5
1.0

1.2

1.4

3.5.4 1D Gamma-ray Scanner
In the 1D gamma-ray scanner results at the four measuring points along the column, the
99m

Tc tails appeared to steadily increase in the titanomagnetite layers and decrease to just above

background in the soil layers. This is consistent with near conservative behavior in the soil layers
and nonconservative behavior in the titanomagnetite layers. 99mTc flowed into the column,
through the soil layers, and became partially immobilized in the titanomagnetite layers, and the
remaining mobile Tc moved out of the column. 99mTc appeared to remain in the titanomagnetite
layers, which supports the incomplete Tc mass balance (28%) during the first Tc release. More
99m

Tc activity in the 10% titanomagnetite layer suggests that the reduction capacity for 10%

titanomagnetite is higher than that of the 1% titanomagnetite layer. The lack of steady 99mTc
activity in the 10% titanomagnetite layer (i.e. 99mTc activity was still increasing in this layer) at
the end of the 1D gamma-ray scanning portion of the experiment suggests that the Tc reduction
capacity of that layer was not reached in the timescale of this experiment, which was limited due
to the short 6-hour half-life of 99mTc.
Figure 41 shows the full profile scan of the column juxtaposed with an image of the
column, with the titanomagnetite layers and four measuring points labeled. The full profile scan
shows higher 99mTc activity on the 1% titanomagnetite layer and plateaued throughout the
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thickness of the layer. 99mTc is likely sorbed to the titanomagnetite in and throughout the layer (1
wt%) and once all the titanomagnetite sorption sites were taken, the 99mTc continued to transport
through the column, on to the next layer, a soil layer. There is also higher 99mTc activity on the
10% titanomagnetite layer, with 99mTc sorbed to the first titanomagnetite sites it came into contact
with, showing as the high activity spike on the lower part of the layer. As those initial sorption
sites were taken, 99mTc sorbed onto the next sites, seen as the steady tail of activity in the 10%
titanomagnetite layer. Tc continued to transport if all sorption sites were taken. This increase in
99m

Tc activity on the titanomagnetite layers explains why there was an initial 28% Tc mass

balance in the effluent.

Figure 41. Full column profile scan showing activity (Bq) of 99mTc one-dimensionally along the column next to an
image of the column, with labels of the 1% and 10% titanomagnetite layers and four measurement points. 1% and 10%
titanomagnetite layers are shown in dark gray, with ±0.25 cm errors in light gray, to account for uneven packing.
Minimum detectable activity (MDA) is shown as the black line. Note that the column figure and plot are not to scale.

3.5.5 NaI and CT Imaging
Figure 42 shows the plot of decay correction 99mTc activity at four points along the
column over one DPV next to the plot of the averaged difference in intensity normalized to
maximum intensity over one DPV to compare the breakthroughs of Tc and NaI in the middle soil
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and 10% titanomagnetite layers. In the left image (CT), NaI (I-I0/Imax) is the same concentration in
the middle soil and 10% titanomagnetite layers from 0 to 0.4 DPVs, while in the right image,
99m

Tc is the same activity in the middle soil and 10% titanomagnetite layers from 0 to 0.4 DPVs.

This suggests that the simultaneous breakthrough of 99mTc in the middle soil and 10%
titanomagnetite layers up until 0.4 DPVs is due to the flow paths and physical processes within
the column since both the conservative and nonconservative tracers behave similarly in both
layers. In the right plot, after 0.4 DPV, the concentrations of NaI (normalized intensity difference)
increased in both the middle soil and 10% titanomagnetite layers. In the left plot, after 0.4 DPV,
the activity of 99mTc in the 10% titanomagnetite layer started to surpass the activity of 99mTc in the
middle soil layer. The increase in NaI concentration and 99mTc activity starting at 0.4 DPVs
suggests that the increase in 99mTc activity in the 10% titanomagnetite layer (compared to the
middle soil layer) is consistent with nonconservative behavior of 99mTc in the reducing column,
compared to the conservative behavior of NaI.

Figure 42. (Left) Plot of averaged difference in intensity (I) between initial conditions (I 0) and conditions over time
over one DPV. The area measured is a 3D cylindrical area, with a thickness equal to the thickness of the 10%
titanomagnetite layer, at the midpoint of each layer measured by the 1D gamma-ray scanner (bottom soil layer, 1%
titanomagnetite layer, middle soil layer, and 10% titanomagnetite layer) at the midpoint of each layer. (Right) Plot of
decay corrected activity (Bq) of 99mTc at four points along the column, measured with the 1D gamma-ray scanner, over
one DPV.
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3.6 Conclusions
Overall, results from the column effluent analysis, 1D gamma-ray scanner measurements,
and CT imaging analysis suggest that using a combination of measurement and analysis
techniques provides significantly more information about physical and chemical processes of 99Tc
and 99mTc transport and behavior within a soil column.
Results from the column effluent do not represent all the processes that occurred with Tc
transport. The effluent results showed an initial partial breakthrough of Tc through the column
and a delayed breakthrough of the remaining Tc. However, the 1D effluent results do not suggest
where within the column the Tc became immobile. Additionally, the 22Na breakthrough curve
was lower and wider than that of a conservative tracer. Results from the 1D transport model
support this, as it does not align with the data.
The 1D gamma scanner results revealed much more information about the Tc processes
that occurred within the column. There was normal conservative transport of the Tc through the
soil layers. However, there was immobilization of Tc within the titanomagnetite layers. The 1D
gamma scanner results showed us how much Tc was immobilized within each of those
titanomagnetite layers. The full profile scan of the column also revealed information about the
system. A noticeable yet consistent amount of Tc activity was present throughout the height of
the 1% titanomagnetite layer, indicating “loading” throughout the layer. A higher Tc activity was
present in the 10% titanomagnetite layer, though not consistently throughout. The Tc appeared to
“load” on the bottom part of the layer, indicating the higher titanomagnetite concentration
immobilized the Tc at a higher capacity.
The NaI transport through the column and CT images showed an uneven front with a
preferential flow path within the column. It is possible that these physical characteristics explain
some of the discrepancies with the Na breakthrough curve. Additionally, the column effluent data
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do not reveal information about the physical processes like CT images of NaI transport through
the column.
The results from the column flow studies are important when considering Tc transport
rates and behavior in the environment. Results from the 1D effluent data do not tell the whole
story. For example, data from the four-point loop on the 1D gamma-ray scanner revealed more
about the Tc behavior in the system. The Tc moved through the soil layers as expected, near
conservatively, however, the Tc became immobile in the titanomagnetite layers. Additionally,
oxygen introduced into the system did not appear to have a strong or immediate effect on Tc
mobility, indicating that the titanomagnetite material could be reduced and, thus, immobilize the
Tc. Timing of the eventual breakthrough of Tc is consistent with the timing of Tc desorption from
the titanomagnetite nanoparticles, presented in earlier work (kinetic batch desorption). Effluent
data also did not fully represent or explain the physical processes occurring in the column. NaI
flowed through the column, monitored via a CT scanner, showed preferential flow through the
column, something not represented in the effluent data.
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CHAPTER 4. CONCLUSIONS AND FUTURE WORK
4.1 Conclusions
4.1.1 Technetium Kinetics
The goal of this work was to determine the rate and extents of reduction (sorption) and
re-oxidation (desorption) of Tc with soil and in the presence and absence of titanomagnetite
nanoparticles. One of the most important findings in this work is that, on soil and soils with low
amounts of titanomagnetite amendments (<1%), Tc re-oxidation and remobilization occurs much
more rapidly than Tc reduction and immobilization. Reduction of Tc occurred slowly, on the
order of days to weeks, with minimal sorption to solids except in the presence of 10 wt%
titanomagnetite. With 10 wt% titanomagnetite, Tc reduction occurred on the order of hours, with
complete reduction reached by 24 hours. Therefore, even under reducing conditions, Tc reduction
remains as a slow rate-limiting step unless facilitated by enough titanomagnetite material. In these
findings, the threshold for enough titanomagnetite material is somewhere between 1 wt% and 10
wt%. However, the re-oxidation of Tc occurred rapidly, on the order of hours to days, with
approximately 50% of Tc desorbed after six hours and approximately 75% desorbed after 24
hours. The amount of titanomagnetite in the system appeared to have no noticeable effect on the
rate of re-oxidation.
This has important implications for environmental behavior and mobility of Tc. If Tc
does interact with reducing zones in the environment, reduction would only occur if there were
efficient electron donors, such as titanomagnetite, present or if the Tc remained in the reduced
zones long enough to become immobile, which, according to this work would be on the order of
weeks to months, if reduction could occur at all. Additionally, if reduced Tc were present in the
environment, it would take relatively short periods, as short as a few hours, of oxidation to re-
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oxidize and remobilize Tc. These findings suggest that Tc will be difficult to immobilize if, or
once, it is released into the natural environment.

4.1.2 Technetium Transport
One of the most important findings in this work is that Tc exhibits nonconservative
transport in systems containing reducing zones (e.g., titanomagnetite amended soil layers) and
under reducing conditions. In the reducing column with SRS soil and 1 wt% and 10 wt%
titanomagnetite layers, only 28% initially transported through the column, indicating the
remaining ~72% of Tc was reduced in the column. However, after about 33 displaced pore
volumes (~52 hours), 25 (38.5 hours) of which were under oxidizing conditions, the remaining Tc
started to migrate through the column and was measured in the effluent. Results from the full
profile scan with the 1D gamma-ray scanner suggest that the majority of the ~72% of Tc that
initially remained in the column was immobilized in the 1 wt% and 10 wt% titanomagnetite
layers. This supports results from the reducing conditions kinetic batch sorption experiments in
that reducing conditions and SRS soil alone will not reduce Tc, but titanomagnetite nanoparticles
in the soil will reduce and immobilize Tc as long as reducing conditions are maintained.
The re-oxidation and remobilization of Tc in the column was slower than the re-oxidation
rates from the kinetic batch sorption experiments. In the column, approximately 28% of the Tc
transported through or desorbed between 0 and 4 hours (0 to 6 DPVs) and the remaining ~72% of
the reduced Tc eventually re-oxidized and remobilized after about 40 DPVs (62 hours) total and
32 DPVs (50 hours) after re-oxidation. However, in the re-oxidation kinetic batch experiments,
Tc re-oxidized and desorbed rapidly, with 50% desorbed after 6 hours, over 75% desorbed after
24 hours, and over 90% desorbed after 72 hours, with no discernible effect based on the
titanomagnetite ratios used in the experiments. This is influenced by the amount of interaction
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between the batch and column systems, as the perfectly mixed batch systems facilitate more TcTiFe2O4 interactions, Fe/Tc ratio, surface effects, and rate of oxygen supply.
There was also a difference in reduction rates in the transport compared to kinetic batch
experiments. Tc reduced relatively faster in the column, with approximately 72% reduced in the
column between 0 and 50 hours (0 to 32 DPVs), with oxygen introduced at 12 hours (8 DPVs),
compared to batch systems, where 32.3% Tc reduced in the 10 wt% titanomagnetite system and
0% reduced in the 0-1 wt% titanomagnetite systems at 3 hours and 100% Tc reduced in the 10
wt% titanomagnetite system and 0% reduced in the 0-1 wt% titanomagnetite systems at 24 hours.
The differences in Tc reduction/re-oxidation rates in column compared to batch systems
was also found in Liu et al. (2015). In their study, Liu et al. (2015) used batch reactors to predict
the rate of Tc(VII) reduction and diffusion into soil core columns (Liu Y. et al. 2015a). The
authors found that the rates from the batch reactors underpredicted Tc(VII) reduction. After
refitting the diffusion data, the fitted rate constants were larger than those estimated from the
batch reactors. This suggests that the rate of Tc(VII) reduction in the batch reactors were slower
than the rate of Tc(VII) reduction in the columns (Liu Y. et al. 2015a). While Liu et al. (2015)
examined Tc behavior in a diffusion column and under reducing conditions, and in this work the
column was a transport experiment and both batch and column experiments were performed
under reducing and transitional redox conditions (reducing to oxidizing), the findings in both
works suggest that comparison between batch and miscible displacement flow experiments must
consider reaction rates as well as other factors including: 1) the extent of flow/mixing to facilitate
Tc-surface interactions, 2) the ratio of Tc to Fe(II) (or other reductants), 3) surface effects such as
passivation or mass transfer limitations, and 4) rate of oxygen supply compared to rate of oxygen
consumption.
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Additionally, a significant amount of information was obtained from this column
experiment by combining measurement methods and techniques. Simply analyzing 1D effluent
data would only reveal partial Tc immobilization within the column, but with no details about
where within the column or why the Tc was immobilized. The 1D gamma-ray scanner results
elucidated detailed information about Tc transport and immobilization within the column.
Evaluating CT images of NaI conservative transport through the column also allowed us to
interpret and analyze results from the 1D gamma-ray scanner more thoroughly and revealed a
potential preferential flow path, which provides critical insight to the physical processes
impacting transport within the column. While collecting and analyzing 1D effluent data is critical
to understanding and interpreting column transport results and should not be ignored, adding
other means of collecting column and transport data, such as using a gamma-ray scanner and CT
imaging, yielded a significant amount of additional information and facilitated a more detailed
interpretation of the data. Analysis and interpretation of the column results would have been
incomplete and insufficient without the data from the 1D gamma-ray scanner and 3D data from
the CT images.

4.2 Future Work
The work presented here has also revealed several knowledge gaps key to furthering our
understanding of Tc behavior, which are presented below with suggested steps for addressing the
limitations in future work. These knowledge gaps include, but are not limited to:
1. Influence of Fe(II) concentration and Fe(II)/Tc ratio.
Develop a better understanding of how Fe(II) concentration influences and
promotes Tc reduction and with different sources of Fe(II). Determine Tc reduction
rates in both batch and column systems with different Fe(II) concentrations (Fe/Tc
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ratios). Develop a model (or revise the existing model presented in this work) to
determine Tc reaction rates and to compare Fe(II) concentrations and sources.
2. Influence of changing redox conditions.
Determine how and to what extent changing and variable redox conditions
influence Tc reduction, re-oxidation, and re-reduction rates. Analyze Tc reaction
rates in the presence of varying Fe(II) concentrations under variable redox
conditions. Revise models to characterize heterogeneous redox conditions.
3. Use of 1D and 3D data.
Use the 1D gamma-ray scanner to monitor the transport of other gamma-emitting
isotopes, including 131I and 22Na, in addition to simultaneous multi-isotope transport
to monitor conservative and nonconservative transport in a column concurrently.
Separately and simultaneously monitor and analyze 99mTc and NaI transport using a
CT/SPECT system (Dogan et al. 2017) under variable redox conditions and in the
presence and absence of Fe(II) in varying concentrations.
4. Revised models.
Develop a multi-rate kinetic model to better understand Tc kinetics. A simple
first-order reaction model, shown in this work, does not fit the data well, particularly
in the systems with 10 wt% titanomagnetite. The first step to address this gap in
knowledge would be to develop a multi-rate model with different reaction orders for
the forward and reverse reactions. For example, Liu et al. (2015a) found that a single
rate model was unable to characterize Tc(VII) reduction, however, they suggested a
second order rate expression was able to describe Tc(VII) reduction (Liu Y. et al.
2015a). Results presented in this work show two desorption (re-oxidation) slopes,
indicating that first-order reaction does not describe the desorption rates of Tc well.
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By assuming different reaction orders for the forward and reverse reactions in the
reduction and re-oxidation of Tc, we can develop a better understanding of the
reduction and re-oxidation kinetics of Tc in systems with soil and titanomagnetite
materials. Additionally, accounting for changes in Fe(II) concentration and O2(aq)
concentration in kinetic models will allow for more complex and characteristic
models of Tc reduction and re-oxidation.
Develop a heterogeneous model for 1D transport of Tc through porous media. In
this work, it can be inferred that there were heterogeneous zones in the variable redox
column. To enhance our understanding of Tc transport in this system (column with
titanomagnetite layers under reducing then oxidizing conditions), a heterogeneous
model should be developed to model the effluent data. Accounting for heterogeneity,
i.e., the reducing titanomagnetite zones, in the model could describe the data to allow
for better understanding of the chemical and physical processes that occurred.
Variations of the heterogeneous model can be developed for other heterogeneous
systems, such as those with other reducing or Fe(II) materials or reducing zones with
different geometry.
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APPENDIX
A.1 Titanomagnetite Nanoparticle Characterization Materials
A.1.1 Surface Area Measurement
Table A.1. Surface Area Measurements of the 1 and 10
wt% Titanomagnetite with SRS Soil

Surface Area
BET Surface Area
(m²/g)

1 wt% TM

10 wt% TM

12.9273

17.3124
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A.1.2 X-ray Diffraction

Figure A.1. (A) X-ray diffraction (XRD) results of the titanomagnetite nanoparticles used in this work. (B) XRD
reference for magnetite (Fe2.904O4Ti0.096) PDF card number 9013530. (C) XRD reference for titanomagnetite
(Fe2.75O4Ti0.25) PDF card number 9000927. (D) XRD reference for ilmenite (Fe1.4O3Ti0.6) PDF card number 9006974.
The peak at 32.6 2-theta is characteristic of ilmenite. X-axis is relative intensity and y-axis is 2-theta (deg).
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